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Introduction 1 

 

 

1 Introduction 

 The future of energy  

Curiosity is one of mankind’s essential driving forces and, thus, changes the ways of life, 

leading to new inventions, discoveries and social challenges. It enriches society with 

electricity, communication and mobility, but also leads to weapons and inequality. This 

ambivalence is found in many aspects of the modern society, however, it is particularly 

present in our relationship with energy. The ability to use coal and oil instead of wood for 

energy production was the spark for the industrial revolution in the 18th and 19th century, 

which led to the development of today’s convenient lifestyle and high living standards in the 

industrialized countries. The consequences of this pronounced exploitation of natural 

resources went unnoticed for most of the 20th century and only more recent incidents, like 

the increased melting of glaciers and Arctic ice, acidosis of the oceans and extreme weather 

conditions, led to the insight that a more sustainable energy production and consumption is 

necessary in order to preserve current climate conditions.[1]  

In recent years, countries like Norway[2] and Iceland[3] have shown on a large scale, that 

water and geothermal energy can make up a major part of the energy mix. The challenges, 

however, are much higher for countries without natural advantages enabling hydro or 

hydrothermal power plants as permanent energy sources. Until resource-friendly energy 

sources like nuclear fusion are ready to replace conventional power plants, geothermal, 

wind and solar energy are the most important sustainable energy sources. Nevertheless, 

wind and solar energy are strongly dependent on the weather, daytime and seasons and, 

thus, are not suitable for a stable energy grid. The key lies, therefore, not only in sustainable 

energy production but also in its storage in order to compensate for the periods during which 

solar and wind energy are not available. Conventionally, energy is stored as fuel as well as 

in batteries. However, while transforming electrical energy to conventional fuel for 

combustion is accompanied by large energy losses, batteries, like Li-Ion Batteries, are 

resource-intensive, high in costs as long-term storage media and, thus, only meaningful for 

short term energy storage.[4] A more flexible and efficient way of storing energy is the 

transformation of electrical energy to hydrogen, which can be either stored or directly 

transformed into electrical energy without burning processes which go along with large 

energy losses.[5] The production of hydrogen using electrical energy can be performed by 

water splitting (electrolysis) with an efficiency of more than 60%.[6] The subsequent 

transformation from chemical energy (hydrogen) to electricity (without storage) is achieved 
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in a fuel cell (FC) with an efficiency of about 40 to 60%, which is higher than for conventional 

combustion-based power plants, but much lower compared to batteries.[7] 

Energy storage is not only important for stationary energy production, but also for the 

mobility sector, as one of the major consumers of common fuels. Hence, the demand for 

alternatives to combustion engines, for reducing exhaust gases like the greenhouse gas 

carbon dioxide, but also other deleterious nitrogen oxide gases and particulates, grows. 

With electric cars becoming more common, it seems that a replacement of combustion 

engine-based cars is possible, however, new challenges arise with these “new” 

technologies.[8] What today is viewed as a “modern” technology (in reality) was already 

developed by the end of the 19th century, with electric cars even dominating the overall car 

sales at the beginning of the 20th century.[9] One of the first electric cars was presented 1881 

by M. Gustave Trouvé at the „Exposition Internationale d'Électricité“ in Paris, followed by 

several other, electricity-based transportation devices.[10] However, similar to today’s 

challenges regarding electric drives, a limited range and the lower prices of combustion 

engine-based transportation systems displaced the electric drive nearly completely until 

recent years.[10;11] However, today’s electric drive systems are not based on lead–acid 

batteries, but rather on Li-Ion batteries, which possess a higher energy density and output, 

necessary for the transition from conventional combustion engine cars to battery-powered 

vehicles.[8] However, battery-powered cars result in a limited driving range and still high 

costs for the resource-demanding battery system.[8] Aside from batteries, fuel cells can play 

a major role delivering the electric power necessary for electric cars by transforming 

hydrogen used as energy storage material.[12] Especially when refilling / charging the fuel 

cell / battery, the former has an advantage, since the fuel for fuel cells is stored mechanically 

in tanks, which is rather fast.[13] Charging a battery, however, is an electrochemical process 

which is limited by the kinetics of the charge process and a fast charging can additionally 

lead to the degradation of the battery itself. Still, the use of fuel cell technology creates new 

challenges for its practical employment, especially for mobile applications, which will be 

further discussed in the following chapters. 

 Proton exchange membrane fuel cell 

Even before the time of individual motorized transportation, William Grove and Christian 

Friedrich Schönbein published, independently of each other, the first design of a hydrogen 

/ oxygen operated fuel cell in 1838 / 1839.[14;15] Since that time the basic principle has not 

changed dramatically. The technology, however, is still a niche market when comparing it 

to classical, fuel-driven power plants and mobile devices.[16] The first practical use of a fuel 

cell was during project Gemini in the 60s of the last century, in which a fuel cell, developed 

by GM, was used as power supply in the Apollo space crafts.[17] Since then, especially the 

polymer electrolyte membrane fuel cell (PEMFC), but also other fuel cell types were 
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continuously developed for mobile applications, such as smartphones and automobiles, but 

also for stationary use.[16] Overall, fuel cells have one major advantage over combustion-

based systems: their higher efficiency, which is not limited by the Carnot process of Otto 

and Diesel engines.[18] An ideal fuel cell does not show energy losses in form of heat, thus, 

the Gibbs energy may be transformed with fewer losses compared to combustion 

processes. However, enthalpy changes in the reaction, cell resistances and the limited 

kinetics of the catalysts result in an efficiency of about 30 to 60%,[7;18] which is in most cases 

higher compared to the efficiency of a combustion engine of about 20 to 30%.[19] Batteries 

show a higher efficiency for the energy transformation from chemical energy to electrical 

energy, however, the amount of stored energy is limited. Fuel cells do not store energy, but 

only transform chemical to electrical energy with a theoretically unlimited external storage. 

 

Figure 1-1: Sketch of a PEMFC and the occurring processes. 

In general, a fuel cell consists of two electrodes separated by an ion-conducting electrolyte 

(Figure 1-1), which can be a liquid, a polymer, or a solid.[7;12;16] On the anode side, the fuel 

gas (mostly hydrogen) is introduced and dissociatively adsorbs on the catalyst surface, 

while oxygen (air or pure O2) is delivered on the cathode side, which also adsorbs on the 

catalysts surface. The electrons released in the oxidation of the hydrogen reduce the 

adsorbed oxygen to water. In fuel cells with a polymer or a liquid electrolyte, the hydrogen 

/ hydroxyl ions diffuse through the electrolyte to the cathode, while for solid electrolytes, the 

oxygen ions are transported to the anode through the solid oxidic material. Meanwhile, the 

electrons are transferred through an external electric circuit, producing a usable current and 
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potential. As a result, water is formed at the cathode (polymer and liquid electrolytes) or at 

the anode (solid electrolytes) side, respectively. 

The most widely used fuel cell, the polymer electrolyte membrane fuel cell (PEMFC), is 

often applied when electrical power is required fast and at normal temperatures since 

PEMFCs already function at room temperature (RT), with their optimum temperature 

condition being 80°C.[12;20] Pt-based catalysts supported on carbon are used both for the 

anode and the cathode electrodes, which are separated by a proton-conducting polymer 

membrane. As low-temperature fuel cell, the PEMFC suffers from poisoning of the Pt 

catalyst by traces of carbon monoxide and other molecules which can be found when 

commercially producing hydrogen via reforming of hydrocarbons. They adsorb strongly on 

the Pt, hindering the hydrogen adsorption and thus compromising the hydrogen oxidation 

reaction (HOR) at the anode.[21] Therefore, the hydrogen feed gas hast to be purified before 

usage in PEMFCs. Furthermore, in direct alcohol fuel cells small organic molecules, like 

methanol, are consumed at the anode, which may also result in a poisoning of the catalyst 

due to intermediates.[22] Similar to the PEMFC, alkaline fuel cells (AFCs) are low-

temperature fuel cells, however, their electrolyte is a hydroxide solution.[12;20] The advantage 

of AFCs is the possibility to use alternative, non-noble metals as catalysts. However, the 

use of hydroxide makes the AFC sensitive to carbon dioxide in the air, which reacts to 

carbonates in the fuel cell. Therefore, only purified oxygen can be used at the cathode rather 

than air.[23]  

A more poison-resistant fuel cell regarding the feed gases is the phosphoric acid duel cell 

(PAFCs), which uses a phosphoric acid electrolyte without water and can therefore operate 

at temperatures between 160 – 220°C, at which CO poisoning from trace impurities in the 

hydrogen gas becomes insignificant because of thermal desorption of the CO.[12;20;24] The 

higher temperatures in the PAFCs make them, however, unsuitable for mobile applications 

with frequent dynamic start-ups, thus they are mainly employed for stationary applications. 

Also insensitive to poisoning of the feed gas are the molten carbon fuel cells (MCFCs) and 

the solid oxide fuel cells (SOFCs), with an alkali carbonate melt and an yttrium zircon oxide 

electrolyte, respectively.[12;20] The latter requires working temperatures of 800 – 1000°C, the 

former only 620 - 660°C, thus both are mainly used for stationary energy conversion. 

Additionally, due to the high temperatures, an internal reformation of the feed gas makes 

its prior reformation redundant.[12;20]  

Overall, different applications require specific fuel cell types: for mobile applications, the 

PEMFCs are the most used fuel cells, which is why this work focuses onto the 

electrocatalytical processes found in PEMFC and presents optimization approaches on a 

catalyst scale of Pt based catalysts, however, concentrates on alternative noble metal-free 

catalyst for the oxygen reduction reaction (ORR) of the cathode. 
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  The oxygen reduction reaction 

Resulting from the standard potentials of the cathode (1.23 V) and the anode reaction 

(0.0 V), a fuel cell could deliver a difference (cell voltage) of 1.23 V. However, several 

factors lead to the reduction of the theoretical cell voltage, such as Ohmic losses, losses 

caused by the resistance of the proton-conducting membrane, the minor overpotential of 

the HOR and, finally, the biggest loss results from the overpotential of the ORR.[25;26] For 

both reactions Pt is used as catalyst, however, on the anode only a fraction of the amount 

of Pt used on the cathode is needed, due to the better kinetics of the HOR on Pt compared 

to the ORR. Hence, a larger catalyst surface area is required at the cathode to consume 

the electrons supplied by the anode reaction. Therefore, fuel cell optimization such as the 

reduction of the Pt amount (price reduction) mostly focus on the cathode and thus on the 

ORR.  

This need for optimization emphasizes the importance of understanding the ORR on Pt and 

on other potential ORR catalysts. The ORR mechanism, especially on Pt, has been studied 

intensively by experimental and theoretical methods.[27-37] However, the mechanism of the 

four electron transfer reaction strongly depends on the pH, the catalyst material, its surface 

structure, the electrolyte and the potential, which is why there is no final agreement on the 

intermediates and the exact processes of ORR on most materials.[36;38] While theoretical 

data of the ORR on Pt shows that the four electron transfer steps are each coupled with a 

proton transfer,[32;39] experimental data suggests that this depends strongly on the pH and 

the material, as presented in the chapters 7 and 8 of this work. A common concordance is 

achieved on the rate limiting step (RLS), which is proposed to be the first electron transfer 

to the adsorbed oxygen on Pt electrode surfaces.[40;41] However, a catalyzed reductive 

dissociation of the oxygen molecules for the RLS is also suggested by Clouser et al. for Pt 

based catalysts.[30] 

Based on rotating ring disk electrode (RRDE) measurements and the reaction scheme 

proposed by Wroblowa et al.[28] in 1976, the basic reaction steps on Pt catalysts can be 

summarized as presented in Figure 1-2. According to the scheme, hydrogen peroxide might 

result from an incomplete 2-electron reduction. Hence, adsorbed hydrogen peroxide can be 

an intermediate of the ORR. The amount of detected hydrogen peroxide determines the 

selectivity of the ORR (chapter 2.3.3), which is particularly important for Pt-free materials, 

since they tend to show an increased hydrogen peroxide yield compared to Pt catalysts. 

This will be demonstrated and discussed in the chapters 4, 5, 6 and 8. A high selectivity 

(>99%) for the 4-electron process is needed for fuel cell applications, since hydrogen 

peroxide can corrode the fuel cell components.[42;43] 

Several publications based on theoretical data deliver a better insight into the ORR 

mechanism, especially on different Pt electrode surfaces.[32;44-46] However, for the 
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calculation-based results, several simplifications, e.g., for the double layer effects were 

applied. Hence, the findings by those calculations are only partially transferable to the 

experimental data but can supplement them. For example, theoretical measurements 

predict that at low potentials the reaction path resulting in the formation of hydrogen 

peroxide intermediate is favored, which explains why experimental data shows an 

increasing hydrogen peroxide yield when the potential decreases.[32] At potentials above 

0.43 V on Pt, other reaction pathways are enabled, increasing the selectivity for the 4-

electron reduction to water.[32] Potentials above 0.75 V, however, result in a preferred direct 

reductive dissociation of the adsorbed O2 and thus, in a very low hydrogen peroxide yield 

caused by the missing hydrogen peroxide intermediate.[32] Further corresponding to 

experimental findings, the high overpotential of the ORR is explained by slow water 

desorption at potentials above 0.95 V, which blocks the surface for the O2 adsorption, thus 

the ORR.[32] Even though final conclusions are often difficult, combining experimental and 

theoretical results can deliver new insights for the ORR on Pt and also for the other 

catalysts, which are not as intensively studied yet and whose mechanism might be very 

different to that of the ORR on Pt.[35;46;47] Pt-free catalysts are in the focus of research as a 

low cost alternative to Pt catalysts. However, since Pt-based catalysts are still standard for 

any commercial application of PEMFCs, the following chapter will focus on degradation 

processes diminishing their lifetime which need to be overcome in order to achieve the 

targets for a far-reaching commercialization, especially for mobile applications.  

 

Figure 1-2: Possible pathways for the oxygen reduction reaction on Pt catalysts. 
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  Degradations of Pt catalysts 

Even though the activity and selectivity of catalysts, as it has been exemplified for Pt ORR 

catalysts, is a very important factor for the performance characterization, recent research 

on catalysts for commercial applications often focuses on stability issues.[42;48] Particularly 

when lowering the amount of Pt in fuel cell catalysts in order to make fuel cells more cost 

efficient, effects of degradation processes have an increasing impact on the system’s 

stability and durability. Pt and Pt-based catalysts in a fuel cell undergo several degradation 

processes, which results in the decrease of the fuel cell power output.[42;48] However, next 

to catalyst degradation, other parts of the fuel cell similarly suffer from degradation, e.g., 

corroding metal parts and the ion conducting membrane.[12;42;48] 

As mentioned before, a major influence on the fuel cell performance is the purity of the used 

gases.[42;48-51] At the anode, the applied hydrogen gas may contain carbon monoxide, 

ammonia and sulfides as a result of the reforming process used to produce hydrogen from 

hydrocarbons. However, those impurities do not merely poison the anode Pt catalyst but 

also degrade the metal parts and especially the membrane in PEMFCs.[42;48] Additionally, 

the moist membrane in PEMFCs is sensitive to extreme temperatures and needs to be 

protected from freezing at low ambient temperatures or drying out at operation temperatures 

close to 100°C.[42;48] Also, hydrogen peroxide, a possible byproduct of the ORR at the 

cathode, can react with the Nafion of the membrane, which results in hydrofluoric acid 

further demolishing the fuel cell parts.[48] Those degradation processes result in a thinning 

of the membrane, allowing hydrogen crossover from the anode to the cathode, further 

diminishing the performance of the fuel cell.[42;48] Hence, it is necessary to reduce the 

hydrogen peroxide byproduct formation to a minimum (<1%), which, as shown in chapters 

4, 5, 6 and 8, is especially challenging for Pt-free catalysts. 

In chapter 3, the focus will be on the degradation processes of the Pt catalysts in mobile 

applications, since it is important to identify degradation processes occurring at the catalyst 

and their causes, particularly at the cathode, in order to finally simulate the degradation 

processes. The long-term degradation simulation can be separated into two main parts, first 

the degradation due to normal operation and second, the start-stop degradation.[52-55]  

The degradation of the cathode during normal operation is caused by constant power 

demand over an extended amount of time, for example in stationary power plants or at 

driving conditions for means of transport with a constant demand of electricity. Under driving 

conditions, the potential at the cathode may vary between 0.4 and 1.0 V.[52-55] Thus, for a 

simulation of the normal operation stability, the applied potential needs to cover this 

potential range, hence, this degradation can be simulated by cycling between 0.4 and 1.0 V 

for several thousand cycles, simulating the fluctuations of the cathode potential during 

normal operation.[52-55] 
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A more complex picture needs to be applied for simulating the start-stop degradation, which 

is important mainly for mobile applications, since numerous start-ups and shut-downs are 

carried out over the lifetime. Hence, it is necessary to define the occurring processes at the 

start-up of a fuel cell which lead to a cathode cell potential of up to 1.4 V.[52-55] Such high 

potentials can be caused by fuel starvation at the start-up, when the hydrogen is not yet 

distributed completely throughout the whole FC, but a current is given / demanded by the 

already running fuel cell parts.[56-58] The occurring processes caused by this fuel starvation 

are presented in Figure 1-3, where at parts of the anode oxygen / air remains are present, 

while other parts work normally. In that case, the electrons released at the hydrogen-filled 

anode are not transferred and used at the cathode, but rather employed at the oxygen-filled 

parts of the anode, where the ORR can take place now. The electrons needed for the ORR 

at the cathode next to the hydrogen-filled anode parts are not any longer provided by the 

anode and are now requested from other cathode regions. 

  

Figure 1-3: Sketch of the processes during the start-stop degradation caused by fuel starvation. 

As a result, protons and electrons are demanded from the cathode next to the fuel starving 

anode parts, forcing a reaction to fulfil that demand. Since there is no hydrogen at the 

cathode, alternative reactions occur, such as carbon corrosion and water splitting, resulting 

in a cell potential of 1.4 to 2.0 V at the cathode, as depicted in Figure 1-3. This mechanism 

for the cathode is called the reverse current-decay mechanism and was introduced by 

Reiser et al.[57]. However, the high potentials can also occur on the starving regions of the 

anode. Therefore, for mimicking the start-stop degradation square wave cycling between 
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Figure 1-4: Degradation processes of Pt-based fuel cell catalysts. 

0.4 and 1.4 V vs. RHE is used based on findings by Marcu et al.[52-54] Obviously, the start-

stop degradation has a more tremendous impact on the stability of the catalyst, however, 

fuel cells are not as often exposed to higher potentials than the normal driving conditions at 

about 0.9 V.      

This high potential of about 1.4 V results in a major degradation of the fuel cell, especially 

at the cathode. An overview of the occurring microscopic degradation processes is given in 

Figure 1-4.[42;48] As a direct result of the starvation process, the carbon corrosion / oxidation 

is one of the major processes, resulting in the loss of the electrical contact to the Pt 

nanoparticles, hence, a decrease of the electrochemical surface area (ECSA) and, thus a 

diminished cathode performance.[42;48] Additionally, the carbon oxidation is catalysed by Pt, 

further increasing the loss of Pt particles.[59] However, since the Pt-catalysed carbon 

oxidation already starts at about 0.6 V instead of 1.1 V for Pt-free carbon, this degradation 

process also occurs as part of the long-term degradation processes.[59;60] 

Next to the carbon support degradation, the Pt particles itself are attacked by high potentials 

leading to their full or partial dissolution, which results in a decline in the ECSA.[42;48] The 

dissolved Pt2+ and Pt4+ ions, of which the latter can be stabilized by degradation products 
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of the membrane, by e.g., complexation,[61] can undergo several processes. First of all, the 

Pt ions may be reduced again at other Pt particles, resulting in so-called Ostwald ripening 

and, as a consequence, in a decrease of the ECSA, since the Pt particle diameter 

increases.[42;48;62] However, the dissolved Pt ions may also be reduced at defect sites of the 

carbon support, forming new Pt particles and increasing the ECSA again.[42;48] Caused by 

their mobility in the catalyst-membrane interphase, the Pt ions can reach the membrane, 

where cross-over hydrogen from the anode reduces the Pt ions forming Pt particles in the 

membrane that do not contribute to the ECSA at the cathode anymore.[42;48;63] Apart from 

the dissolution of the Pt particles, their movement on the support surface promotes the 

coalescence of the Pt particles and thus the increase of the particle diameter and the 

decrease of the ECSA.[42;48;64;65] 

Overall, most degradation processes result in a decrease of the ECSA and, consequently, 

in a diminished performance of the fuel cell with increasing lifetime. To determine the 

influence on the lifetime, the shown degradation conditions can be used to perform 

accelerated degradation tests (ADTs) simulating the conditions for normal operation (0.4 – 

1.0 V) and start-stop (0.4 – 1.4 V) degradation (see chapter 2.3.5.4). In the following, ADT 

refers to the latter start-stop degradation simulation.  

The difficulties of comparing the results of the simulated degradation tests result from 

differences between the ADT itself and deviations in the used conditions. Simulations of the 

degradation of fuel cells can either be characterized by using complete fuel cells or model 

systems, such as half-cell tests, with limited comparability. Thus, it is important to apply the 

ADTs to suitable reference catalysts, for example using commercially available Pt/C 

catalysts. Another important aspect of the degradation tests is the quantitative evaluation 

itself. The results can differ depending on the used benchmark, for example, comparing the 

degradation of the ECSA might result in a high stability, whereas the ORR activity shows a 

strong degradation compared to a reference catalyst, as found in chapter 3 of this work. 

Degradation tests are not only relevant for Pt-based catalysts, since also Pt-free catalysts 

suffer from processes decreasing their ORR activity, as presented in chapter 4 and 5. 

Therefore, these simulated stability tests may also be applied to other catalysts, however, 

the processes differ depending on the materials. Catalysts containing non-noble metals are 

potentially at risk of metal dissolution (de-alloying),[66;67] whereas metal-free catalysts can 

face severe oxidation of the ORR active sites, diminishing their activity and selectivity for 

the ORR. Data regarding the stability of Pt-based and Pt-free catalysts can further be used 

for the optimization and development of new approaches for an increased lifetime which 

meets the requirements for commercialization. 
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  Optimization approaches for Pt-based ORR catalysts 

Increasing the catalytic activity is one of the main tasks when optimizing catalysts, such as 

the commercially used Pt/C-based catalyst in fuel cells. However, increasing the activity 

may sometimes be counterproductive, since it can result in an increase of costs and a 

decrease in stability.[38] Hence, a proper balance is needed between costs, stability and 

activity. Therefore, the US Department of Energy (DOE)[68] among others has set targets 

regarding costs, stability and performance of fuel cells in order to reach commercialization. 

For mobile applications, a durability (<10% drop in power) of at least 5000 h, which is 

equivalent to about 240000 km, with an ultimate target of 8000 h, is sought for the year 

2020.[68] Even at -20°C, the start-up is supposed to require less than 30 s. For fuel cell-

powered busses, even 12000 h should be reached, which is not out of reach, since real-life 

test busses already showed uptime of 20000 h.[68] Furthermore, for stationary applications, 

the lifetime is targeted to exceed 60000 h.[68] The requirements for the catalyst are that the 

loss of initial mass normalized activity is going to be reduced to <40% at the end of the 

lifetime in 2020, down from 66% in 2015.[68] However, big improvements already were 

demonstrated, increasing the fuel cell lifetime by four times since 2006.[69] Similar to the 

targets for the durability, the Pt loading is supposed to be further reduced until 2020 to 

0.125 mg cm-2, while still delivering a performance of 300 mA cm-2 (current fuel cell 

technology delivers 240 mA cm-2).[68] Comparing today’s PEMFCs with the first fuel cells 

from the 60s, the Pt loading was already drastically reduced from 28 mg cm-2 to 0.4 mg cm-

2 in 2009[70] and 0.13 mg cm-2 in 2015,[68] nearly fulfilling the DOE requirements. 

Furthermore, the ambitious optimization targets for the PEMFCs are not only focusing on 

the catalyst. The polymer membrane electrolyte and the bipolar plates require optimization 

as well. However, the present work focuses on the catalyst approaches rather than on 

engineering-related issues.  

When concentrating on increasing the activity, the concept of the volcano plot becomes 

important, which depicts that an ideal ORR catalysts needs a well-balanced interaction with 

oxygen regarding its adsorption energy.[71;72] If the binding energy is too strong, the products 

cannot leave the surface anymore, blocking the catalyst for further reaction. However, a 

too-weak bond to the surface will impede the adsorption of oxygen, and, thus, the first step 

of the ORR. Based on density functional theory (DFT) calculations and several assumptions 

it was determined that an optimized catalyst should bind OH 0.1 to 0.2 eV weaker than Pt 

does.[31;73] Fine-tuning the binding energy to oxygen can be accomplished by a change in 

the Pt-Pt interatomic distance (structure) or in the d-band center, which might be realized 

by using shape-controlled or bimetallic catalysts and / or different support materials as well 

as modifications of the Pt surface.[38;74] 
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A wide variety of approaches for the synthesis of bimetallic catalysts can be found in the 

literature, for both alkaline and acidic conditions, maximizing the specific activity (surface 

normalized) or the mass activity (mass normalized activity).[38;74;75] In acidic conditions, for 

example, Pt3Ni nanoframes[76] and Mo-PtNi octahedra[77] where found to display promising 

mass activities and specific activities, whereas PtxY[78] convinces only with a high specific 

activity. PtNi alloys[74;79] are promising in alkaline conditions as well regarding their specific 

activity, however, also fully Pt-free, but noble metal-containing catalysts like Pd3Pb[80] and 

AgCo[81] were found with high mass activities in alkaline electrolyte. However, stability is a 

major issue when applying bimetallic catalysts to acidic and alkaline conditions, since some 

less-noble metals, like nickel and iron, tend to dissolve.[38;82-85] This de-alloying may 

drastically reduce the long-term stability and, thus the applicability in long lasting fuel cells. 

However, de-alloying can also be used to form new kinds of Pt structures with high surface 

areas.[75] For example PtMx alloys, with M being a transition metal, are intentionally de-

alloyed, forming Pt structures in which the surface Pt lattice remains contracted / 

modified.[86]  Additionally, this allows the detailed study of the de-alloying processes.[86] 

Specific bimetallic alloys were also found to increase the stability, as, for example, the 

PtW2/C catalyst presented by Dai et al.[83] which exceeds the ORR activity and stability of 

Pt/C. Also, Chen et al.[76] showed that bimetallic structures, such as Pt3Ni nanoframes, can 

result in highly stable and active catalysts. Today, bimetallic catalysts like PtCo are already 

used in commercially available passenger cars like the Toyota Mirai, improving the fuel cell 

performance and stability.[87;88]  

Another type of bimetallic catalysts comes in form of “core-shell”-particles, which consist of 

a metal core covered by Pt. They retain the beneficial effect of bimetallic catalysts, while 

additionally protecting the core metal from de-alloying by the outer noble metal layer, as 

shown for Pd9Au.[89] Focusing on the anode, where the HOR occurs, bimetallic alloy 

catalysts are also used to increase the resistance against impurities (e.g., CO) in the 

hydrogen fuel gas and enable the usage of other fuels, like methanol, whose intermediates 

normally would poison pure Pt catalysts.[90;91] 

Aside from bimetallic catalysts, changes in the structure of the Pt catalyst itself, which are 

traditionally employed in form of nanoparticles, can result in major ORR activity 

improvements, as found for jagged Pt nanowires by Li et al.[82] or Pt network aerogels by 

Schmidt et al.[92] Regarding structures aside from nanoparticles, it was found that very small 

structures below 2 nm result in a worsening of the stability due to the agglomeration 

processes described above.[93] 

Another main approach for improving stability and activity of Pt-based ORR catalysts 

focuses on the optimization of the support material, which has a major influence on the 

electrocatalytical properties of the Pt catalysts. Commercial ORR catalysts use amorphous 
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carbon like Vulcan-XC-72 and carbon black,[94] which provide high surface areas for a 

homogeneous Pt particle distribution, but also suffer from carbon corrosion and a weak 

interaction with the supported Pt particles.[95;96] Maintaining the electrically well-conducting 

properties of the carbon, but increasing the stability of the carbon support material can be 

reached by replacing it with graphitic and nanostructured carbon materials, even though 

restrictions in the surface area of the carbon have to be accepted.[97;98] Nanostructured 

carbon, like carbon nanotubes (CNTs), are especially interesting since they display a good 

electric conductivity and a high resistance against carbon corrosion (one of the main 

reasons for the degradation of Pt-based fuel cell catalysts).[38;99;100] Thus, several groups 

focus on Pt/CNT catalysts for improving the stability.[94;101;102] However, the graphitic surface 

is missing defect sites for the homogeneous deposition of Pt nanoparticles, hence, their 

synthesis brings new challenges. Also, different kind of CNTs, like multi-walled and single-

walled CNTs, show different properties, especially the electronic properties of the latter 

change with the symmetry of the single-walled CNT.[94] Overcoming the new challenges, 

the employment of CNTs as support material increases the stability of the catalysts as 

demonstrated by several groups.[94;101;102] Also other nanostructured carbon materials, such 

as carbon nano fibers, carbon nano horns, etc., were applied as stability-increasing support 

material.[38;94] 

However, those carbon materials suffer from carbon corrosion, too, forming a demand for 

carbon corrosion-free support materials. Here, metal oxides seem to be an obvious group 

of choice, since their use excludes carbon oxidation.[103-109] Drawbacks of metal oxides are 

their semiconducting properties, which exclude them as efficient support material, since a 

high electric conductivity is needed for electrocatalyst support materials.[38;94;106-109] To 

overcome the high electric resistance of the metal oxide it is possible to dope the 

semiconductor, e.g., with nitrogen or carbon, in order to reduce the band gap between 

valence and the conduction band.[110] Another approach for improving the electric 

conductivity is the addition of carbon to the metal oxide-supported catalyst, however, in 

order to maintain the stability of the support, highly stable carbon materials need to be used, 

such as the above-mentioned CNTs.[106-109] The addition of carbon can be performed by 

either mixing carbon into the catalyst or forming composite materials containing carbon and 

metal oxides for support of the metal particle catalysts.[107-109] As low-cost metal oxide, 

doped and non-doped titanium(IV) oxide is often used as support material. Also, several 

other stable metal oxides were examined for enhancing the catalysts stability.[38;111]  

The stabilizing effect of the metal oxide support derives not only from the missing carbon 

corrosion, but also from a specific support effect of the metal oxides on the supported Pt 

particles, which can also improve the ORR activity.[111;112] This effect was first shown for gas 

phase catalysis by Tauster et al.[113], explaining the effect by an overgrowth of the metal 
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particles by the metal oxide (titania) at several hundred centigrade and reducing conditions, 

forming a sub-oxidic layer of the metal oxide on top of the metal particles and changing the 

catalytic properties of the material. This effect was named “strong metal support interaction” 

(SMSI) and has been observed for different metal oxide supports, like TiO2 and WO3.[113;114] 

Such a support effect was later detected for catalysts (electro catalysts) at room 

temperature, as well, at which no overgrowth can occur.[114;115] This led to the conclusion 

that the support material can additionally affect the catalyst due to a combination of a lattice 

effect and a charge transfer, both changing the band structure of the supported metal 

catalyst, increasing the electron density in the Pt(4f) orbitals and, thus, its catalytic 

activity.[114] This effect is well depicted by the electrocatalytic COad-oxidation, where 

adsorbed CO on the Pt surface is oxidized with increasing potential. As shown by 

Timperman et al.[114-116], the COad-oxidation potential decreases when the Pt particles are 

supported by titania instead of carbon, demonstrating the increased electrocatalytic activity 

due to the titania support. Also, the stability benefits from this strong interaction between 

metal oxides and metal particles, since the mobility of, for example, Pt particles on the 

support surface decreases, lowering agglomeration due to coalescence.[38;104] Adding up 

those advantages for the durability and solving the electric conductivity problems, metal 

oxide support materials can potentially result in more stable catalysts with a possibly higher 

electrocatalytic activity. 

  Noble metal-free catalysts  

Even though noble metal catalysts, in particular Pt and Pt-based bimetallic catalysts, are 

the benchmark for the ORR, the interest in alternative noble metal-free or even metal-free 

catalysts is pronounced. This is not merely just to reduce the costs of the precious platinum 

metal, but also for overcoming the kinetic limitations of the ORR on Pt as well as to further 

improve the durability. Since the above-mentioned balance between stability, costs and the 

ORR activity also applies to Pt-free catalysts, this could even mean that one might 

compromise in ORR activity if the alternative catalysts go hand in hand with a higher stability 

and / or much lower costs. Still, the activity and stability targets of the DOE for platinum 

group metal (PGM)-free catalysts are the same as for Pt-based catalysts.[68]   

Non-noble metal-based catalysts can be separated into two main groups: the transition 

metal-based catalysts (e.g., transition metal oxide / oxynitride) and nitrogen-doped carbon. 

The former transition metals were first found to be active for the ORR in the 60s by 

Jasinski et al.[117], demonstrating the ORR activity of cobalt phthalocyanine. This was 

followed by several publications regarding transition metal macrocycle complexes, even 

reaching an ORR activity and selectivity comparable to, and others a stability surpassing, 

Pt/C, for polyaniline-FeCo-C catalysts by Wu et al.[118] However, combining a high ORR 

activity and stability is one of the main challenges for transition metal-containing catalysts.[38] 
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Chalcogenides, such as CoSx-based materials, were predicted to possess an ORR activity 

by theoretical calculations[119] and also experimental measurements could prove their ORR 

activity, however, their activities are still insufficient.[120] Furthermore, also manganese 

oxides in different configurations under alkaline conditions were proven to be ORR active 

in numerous publications.[38;121;122] Important factor for this activity are oxygen defects, 

promoting disproportionation of the HO2
- intermediate to form H2O.[38;121;122] It is possible to 

tune their ORR activity by the formation of mixed transition metal oxides, such as MnCo2O4 

spinels, which were shown by Liang et al.[123] to be highly ORR active, however, not very 

selective and only functioning in alkaline electrolyte, which renders them unsuitable for 

PEMFCs.  

Finally, an improved corrosion resistance is expected from the use of metal oxides and 

(oxy)nitrides. The former are represented by TiO2, NbO2 and Ta2O5, which were found to 

catalyze the ORR to some extent.[124-126] However, they only show a rather limited ORR 

activity in alkaline electrolyte.[124-126] This can be explained partly by the insufficient electric 

conductivity, which compromises the electrical connection of the active sites with the 

electrode, thus, also the ORR activity. Adding carbon to increase the conductivity, similar 

to the use of metal oxides as support material, helps to reach higher current densities, 

however, carbon corrosion will be present as well. As mentioned for the metal oxide support 

materials, doping is another possibility of increasing their electric conductivity.[127-130]  

It was found that doping can further increase the ORR activity, potentially forming new active 

sites. As a result, TiOxNy, TaOxNy and HfOxNy were shown to be active for the ORR, to some 

extent even in acidic electrolyte.[129;131-133] For the latter, oxygen defects of the hafnium oxide 

were postulated as active sites, with nitrogen-doping further increasing their ORR activity 

and selectivity.[134] Similar to those catalysts, Chisaka et al.[133;135] also demonstrated that 

titanium (oxy)nitrides are able to catalyze the oxygen reduction with a decent activity and 

selectivity, as well as a high catalyst stability. As another metal (oxy)nitride material, 

tantalum (oxy)nitride was explored as potential ORR catalyst by Ishihara et al.[128;136] For 

these material, a Ta3N5-like TaOxNy structure with some surface defects was proposed as 

active phase.[128] Adding carbon to the system can further increase the ORR activity. Due 

to the complexity of the resulting system the determination of the active sites was 

considered to be essentially impossible.[132] Later, Ohgi et al.[137] and Ishihara et al.[138] 

proposed that the active sites are oxygen-vacancy defects in the Ta2O5, resulting from the 

oxidation of the TaC/TaCN precursors. They form electrical conduction pathways, 

introduced by the carbon component. Alternatively, the ORR activity was also attributed to 

the oxidized Ta3N5 phase[139] and the O-substituted Ta3N5 surfaces, forming additional 

states between conduction and valence band enabling the O2 adsorption.[140] For the 
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tantalum-based materials, as well as the previous metal (oxy)nitrides, the determination of 

the active sites seems to be rather complex due to the presence of various types of defects. 

Despite the improved stability especially in acidic environment,[128;136;141;142] the ORR activity 

and selectivity of these materials seems to be insufficient for PEMFCs, though an 

application as catalyst in alkaline fuel cells may be possible. Nevertheless, even after 

doping, the electric conductivity needs further improvement. Supporting tantalum 

(oxy)nitride with carbon materials, such as carbon nanotubes,[143-146] graphene,[147] or carbon 

black[148] were shown to further increase their performance as ORR catalyst. 

Finally, doped carbon structures can also reduce oxygen without containing metal, which 

might additionally be beneficial for their stability. Different carbon configurations were found 

to be activated by doping with fluorine, boron, sulphur and nitrogen, amongst other 

elements.[38;149-152] Most research has been performed on the latter dopant, nitrogen, thus 

nitrogen-doped carbon are the most investigated metal-free ORR catalysts. However, the 

exact mechanism and influence factors on the activity are still not clear yet. Guo et al.[35] 

proposed that the pyridinic-N sites play a major role for the ORR activity, whereas other 

groups assigned the ORR activity to the graphitic-N sites.[153;154] However, the situation 

seems to be more complex than that, as shown in chapter 7 and 8 in this work, in which 

higher nitrogen contents, especially of the graphitic-N, result in a lower ORR activity 

compared to nitrogen-doped carbon with low amounts of graphitic-N. Additionally, the 

carbon source and the nitrogen-doping process seem to influence the ORR activity as 

well.[155]  

Even though nitrogen-doped carbon materials are promising ORR catalysts because of their 

low costs, their ORR activity can still not compete with that of Pt/C catalysts. Additionally, 

their ORR selectivity is lower than that of Pt/C, as presented in the chapters 6 and 8, which 

excludes these catalysts from being applied in real fuel cell systems due to the above 

mentioned hydrogen peroxide caused degradation. Furthermore, degradation of carbon 

based catalysts is also induced by carbon corrosion of nitrogen-doped carbon.[38] Another 

uncertainty regards the used carbon itself, which often contains traces of metal remaining 

from the synthesis. For example, Fe is used as catalyst for the preparation of CNTs, which 

thus are not metal-free and require further cleaning before usage.[38] Nevertheless, 

understanding the ORR processes on noble-metal and metal free catalysts may be 

beneficial for further tuning of those materials, increasing ORR activity and selectivity, 

especially in the acidic environment of PEMFCs. 

Aside from the aforementioned aspects, the activity of noble metal-free ORR catalysts is 

strongly dependent on the pH of the electrolyte. This pH dependency of the ORR 

mechanism displays an additional challenge when studying the occurring processes with 

the aim of improving those catalysts. This is also important for enhancing the selectivity for 
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the 4-electron reduction to water in order to prevent hydrogen peroxide formation. 

Additionally, the stability is a major issue for those materials, even for the supposedly stable 

metal (oxy)nitrides (see chapters 4 and 5). However, it is possible to overcome those 

challenges, as shown for the bimetallic Pt3Ni nanoframes,[76] for which a different shape 

increased the stability of bimetallic catalysts dramatically. Hence, further work and new 

approaches are necessary for the detailed understanding and optimization in order to finally 

replace Pt as ORR catalyst for future fuel cell applications. 

 Outline of the thesis 

The above overview of the wide range of challenges and approaches as well as the 

preceding work of Dr. Christian Gebauer (Institute of Surface Chemistry and Catalysis, Ulm 

University) shall act as the foundation for the results and findings presented in this work. It 

focusses on two main topics: first, the enhancement of the stability, especially for Pt-based 

systems, by replacing the conventional carbon support materials by new titania oxide – CNT 

composites developed and investigated in Ulm. Second, on the development and 

characterization of Pt-free ORR catalysts, more precisely: titanium and tantalum (oxy)nitride 

carbon composites and nitrided carbon materials. This work benefited greatly from the 

cooperation with the group of Prof. Nicola Hüsing of the Institute of Materials Chemistry at 

University of Salzburg, where Dr. Maximillian Wassner not only performed the synthesis of 

the Pt-free catalysts, but also contributed to the physical characterization of the materials. 

The measurements of the nitrided carbon materials in chapter 7 and 8 were performed in 

cooperation with Dr. Ken Sakaushi at the National Institute for Material Science (NIMS) in 

Tsukuba, Japan, and supported by the NIMS Internship program. The results obtained from 

these cooperations are structured as follows. 

In the next chapter (2), the synthesis of the materials used in Ulm, Salzburg and Tsukuba 

is described, followed by the experimental methods for the physical and electrochemical 

characterization techniques as well as the applied protocols for the performed stability tests. 

The third chapter of this work represents the first chapter with published results, focussing 

on the stability challenges of the Pt catalysts. Pt nanoparticles were deposited on a titania 

– CNT composite material (Pt/TiO2@CNT) which was synthesized beforehand by me. Thus, 

the already highly oxidation-stable CNTs are protected from corrosion, and since the Pt 

nanoparticles are placed on the titania layer, a catalysed oxidation of the carbon is inhibited. 

Additionally, the CNTs in the composite construction of the catalysts helps to overcome the 

electric conductivity limitations of metal oxide support materials. The syntheses and a large 

variety of physical (XPS, TEM / HR-TEM, ICP-OES) and electrochemical (RRDE, DEMS) 

characterization methods, applied in order to explain the results of the simulated 

degradation tests (ADTs), were performed and / or evaluated by me. 
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The next two chapters, chapter 4 and 5, deal with the characterization of Pt-free catalysts. 

Titanium (oxy)nitrides (4) and tantalum (oxy)nitrides (5) composites were investigated with 

respect to their ORR activity in alkaline and acidic electrolyte. These composites consist of 

a carbon sphere core covered by a layer of the corresponding metal oxide, which was 

nitrided afterwards in ammonia atmosphere at different nitriding temperatures. Subsequent 

XPS measurements and the electrochemical / -catalytical characterization of the ORR 

activity at different pH, performed in Ulm, showcases the ORR activity of individual catalysts 

and challenges regarding the ORR selectivity and stability. 

Based on the findings in chapter 4 and 5, the nitrided carbon spheres were further 

investigated by me and Dr. K. Sakaushi at the NIMS in Japan, striving at the mechanistic 

understanding of the ORR on nitrided carbon. Hence, in chapter 7, the most active catalyst 

of chapter 6 was electrocatalytically characterized together with further nitrided carbon 

catalysts in normal and deuterated electrolyte, both alkaline and acidic, in order to study the 

kinetic isotope effect (KIE) to gain information on the rate limiting step of the ORR on nitrided 

carbon. Additional theoretical calculations were performed by A. Lyalin and T. Taketsugu 

(NIMS) in order to explain the experimental findings, resulting in a comprehensive work 

about the influence of pyridinic- and graphitic-N on the ORR activity of nitrided carbon. Here, 

the electrocatalytic measurements and the evaluation of the data was performed by me. 

The further electrochemical investigation of the KIE of the ORR on the nitrided carbon 

catalysts is displayed in chapter 8 for alkaline as well as acidic conditions. Additional 

theoretical calculations, performed by A. Lyalin and T. Taketsugu added more insights into 

the changes of the ORR selectivity of those materials at low overpotentials.  

Finally, the work is summarized in chapter 9, connecting the findings of the publications in 

order to identify new challenges and future approaches for Pt-based and Pt-free ORR 

catalysts for fuel cells. 

 

 

 

 

 

 

 

 

 

            

  



 
 
 

Experimental 19 

2 Experimental 

 Catalyst synthesis 

2.1.1 Pt-free catalysts 

The Pt-free catalysts are based on the core-shell principle with a core consisting of nitrided 

carbon (CN) spheres (in chapter 6: NCS – nitrided carbon spheres). The CN spheres are 

covered by either a titanium (oxy)nitride or tantalum (oxy)nitride layer, but were also 

characterized without nitriding in addition to the CN spheres without shell. The main part of 

the synthesis and parts of the characterization of the Pt-free catalysts were performed by 

Dr. M. Wassner in the group of Prof. N. Hüsing at the University of Salzburg. The CN-II and 

CN-III catalysts in chapter 7 were synthesized by Dr. K. Sakaushi (NIMS). An overview of 

the synthesized catalysts is depicted in Figure 2-1. 

2.1.1.1 N-doped / nitrided carbon catalysts 

For the formation of the carbon spheres, a solution of 0.75 M glucose in distilled water was 

treated hydrothermally for 10.5 h at 165°C.[156;157] The resulting carbon spheres were 

cleaned three times in distilled water as well as in ethanol, followed by centrifugation and 

subsequent drying. Carbonization of the emerging carbon spheres was performed at 

different temperatures (550, 700, 850, 1000 and 1150°C) for 4 h each after a heat up of 

5°C min-1 in a 12 L tube furnace in Ar atmosphere. The carbon spheres are labeled as C-

550, C-700, C-850, C-1000 and C-1150 as well as C-RT for the non-carbonized carbon 

spheres. These catalysts where used for the follow-up synthesis of the titania / titanium 

(oxy)nitride and tantalum oxide / (oxy)nitride shells. 

CN spheres without metal oxide / (oxy)nitride shell were synthesized by nitriding of the 

previously created carbonized carbon spheres. The latter were nitrided for 1 h at the same 

temperatures as the ones employed for the previous carbonization in an ammonia 

atmosphere with a flow rate of 3 NL h-1 in the same tube furnace used for the carbonization. 

Afterwards, an Ar flow was applied while cooling. The resulting nitrided carbon spheres are 

labeled as CN-550, CN-700, CN-850, CN-1000 and CN-1150, of which the number 

represents the nitriding temperature. In chapter 6 the NCS-550, NCS-700, NCS-850 and 

NCS-1000 catalysts correspond to the CN-550, CN-700, CN-850 and CN-1000.  

For the synthesis of graphitized versions of the CN (NCS) catalysts (chapter 6) 2.5 g of the 

carbon spheres, carbonized at 550°C as mentioned above, were suspended in a solution 

of 5.05 g iron (III) nitrate in 50 mL distilled water and stirred for 24 h, followed by refluxing 

for 5 h at 100°C, filtration and subsequent drying.[158] The generated iron oxide particles on 

the carbon spheres were used as catalysts for the graphitization, which was carried out by 

annealing at 550, 700, 850 and 1000°C in Ar atmosphere for 4 h (heating rate 5°C min-1).  
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Figure 2-1: Synthesis overview of the Pt-free catalysts. 
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The residual iron oxide was removed by acid leaching in 2 M hydrochloric acid, followed by 

filtration and washing with distilled water until the residual washing water was pH neutral.[158] 

After drying, the nitriding was performed as described above for the CN catalysts at the 

corresponding nitriding temperature. The resulting g-NCS catalysts were labeled as g-NCS-

550, g-NCS-700, g-NCS-850, g-NCS-1000 in accordance to the CN / NCS catalysts. 

In chapter 7, the CN-I catalyst corresponds to the CN-1000 / NCS-1000 catalyst described 

above. However, the CN-II and -III catalysts were synthesized by using a nitril-chemistry 

approach, first mixing 1-ethyl-3-methylimidazolium dicyanamide and dicyandiamide with a 

ratio of 3 to 1 (wt./wt.). Next, the solution was dried at 80ºC in vacuum and carbonized in Ar 

atmosphere at 800ºC for the CN-III catalyst and 1000ºC for the CN-II catalyst.[159] 

2.1.1.2  TiON@CN spheres 

For the formation of the titania layer an approach of Ming et al.[160] was applied, using the 

carbonized carbon spheres (2.1.1.1). First, the carbon spheres (0.7 g) were suspended in 

60 mL of ethanol by ultrasonic treatment (2.5 h). A solution of 1.05 g of the titanium(IV) 

butoxide in 40 mL ethanol was added dropwise to this suspension, followed by 1.5 h of 

stirring for further homogenization of the suspension. Next, 200 mL distilled water (1 mL 

min-1) were added dropwise while stirring. The suspension was then aged for 16 h and 

afterwards treated solvothermally at 200°C for 6 h. The resulting spherical titania@carbon 

particles were filtrated and washed once with each 50 mL ethanol and 50 mL diethylether, 

followed by centrifugation and drying.  

The resulting titania@carbon spheres were heat-treated (heating rate 5°C min-1, 2 h) in 

Ar atmosphere, as reported for the carbon spheres at the respective temperatures, starting 

from 550°C to 1150°C in steps of 150°C, in order to form the reference catalysts (TiO2@C-

550, TiO2@C-700, TiO2@C-850, TiO2@C-1000) characterized in chapter 4. For the 

TiO2@C-RT catalyst, no calcination in argon atmosphere was applied. Also, for reference 

reasons, pure titania powder was synthesized and calcined as described above, without the 

addition of the carbon core. The reference catalysts were labeled as TiO2-550, TiO2-700, 

TiO2-850, TiO2-1000 and TiO2-RT for the titania catalyst without calcination.  

Finally, for the formation of the titanium (oxy)nitride@nitrided carbon composites, the 

previously synthesized, uncalcined titania@carbon spheres were placed in the tube furnace 

and flushed with argon. The nitriding of each catalyst was performed by first heating up 

(heating rate 5°C min-1) to the required nitriding temperature (550 – 1000°C) in an ammonia 

gas flow and keeping the nitriding temperature for 2 h at atmospheric pressure. The 

ammonia flow during the heat-up phase was adjusted to fill the overall volume of the furnace 

tube (12 L) and changed to 2.5 NL h-1 when reaching the required nitriding temperature. 

The resulting catalysts are labeled as TiON@CN-550, TiON@CN-700, TiON@CN-850, 

TiON@CN-1000, in which the last number represents the temperature used for the nitriding. 
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Additionally, P25 titania powder was nitrided at the temperatures used for nitriding, forming 

the reference catalysts TiON-550, TiON-700, TiON-850, TiON-1000. 

2.1.1.3  TaON@CN spheres 

To form the tantalum (oxy)nitride@nitrided carbon composites, first, a homogeneous 

tantalum oxide shell was deposited on the carbonized carbon spheres via a sol-gel process 

following again the procedure described by Ming et al.[160] For that, 1.915 g of the carbonized 

carbon spheres were suspended in 210 mL ethanol followed by ultrasonication for 2.5 h. 

Next, 3.29 g of tantalum(V) butoxide were dissolved in 40 mL ethanol, added dropwise to 

the suspension and homogenized by stirring for 1.5 h. Afterwards, 200 mL of distilled water 

was added (1 mL min-1) under continuous stirring, followed by 24 h of aging. Finally, the 

spherical tantalum oxide@carbon particles were solvothermally treated at 210°C for 16 h, 

washed twice in 100 mL ethanol, centrifuged and dried. 

The tantalum oxide@carbon spheres were heat-treated (heating rate 5°C min-1, 2 h) in 

argon atmosphere, as reported for the carbon spheres at temperatures starting from 550°C 

to 1150°C in steps of 150°C, in order to form the reference catalysts used in chapter 4 

(TaON@C-550, TaON@C-700, TaON@C-850, TaON@C-1000). 

In the next step, the uncalcined tantalum oxide@carbon spheres were nitrided in order to 

form the tantalum (oxy)nitride@nitrided carbon composites. For each targeted nitriding 

temperature, 400 mg of the as-synthesized tantalum oxide@carbon composite was placed 

in the tube furnace, which was then flushed with argon. The heat-up (heating rate 5°C min-1) 

until the desired nitriding temperature (700, 850, 1000, 1150°C) was performed under an 

ammonia flow, which was adjusted to finally fill the overall volume of the 12 L furnace tube. 

The nitriding temperature was kept for 2 h with an ammonia flow of 2.5 NL h-1. The resulting 

catalysts are labeled as TaON@CN-700, TaON@CN-850, TaON@CN-1000 and 

TaON@CN-1150, where the latter number represents the nitriding temperature. As 

additional reference catalyst, commercial Ta2O5 powder was nitrided with the same method 

described above and labeled TaON-700, TaON-850, TaON-1000 and TaON-1150. TaO-RT 

(Ta2O5 powder) is the non-nitrided catalyst used for comparison. 

2.1.2 Supported Pt catalysts 

For the supported Pt catalysts (Figure 2-2), the synthesis of the support materials performed 

in Ulm by me is described first, followed by the deposition of Pt nanoparticles performed for 

each support material. 

2.1.2.1 TiO2 support material 

For the synthesis of the titania support material, a sol-gel process was utilized.[129] Therein, 

1.5 g (1.5 mL) of titanium(IV) butoxide were added to 100 mL ethanol followed by stirring 

for 30 min. 0.78 mL HNO3 and 12.4 mL water (MilliQ) were added dropwise under 
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continuous stirring, followed by 4 h of sonication at room temperature (<30°C). The solution 

was then stirred for 48 h and aged for another 48 h. The gel-like product was stored in a 

Petri dish until the liquid evaporated. Finally, the residual titania was calcined for 2 h at 

500°C, with a heat ramp of 30°C min-1 (Ströhlein Instruments HTC 1600). 

 

 

 

Figure 2-2: Synthesis of the Pt-based catalysts. 
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2.1.2.2 CNT cleaning and surface functionalization 

The commercially available CNTs (d = 110 - 170 nm, l = 5 - 9 μm) were first cleaned by 

acidic treatment to remove metal impurities as well as amorphous carbon.[161] For the 

cleaning process, the CNTs (1 g) were suspended in conc. HCl by sonication (Bandalin 

Sonorex Super, 1000 W) for 1 h and subsequently filtrated and rinsed with ultrapure MilliQ 

water. The cleaning procedure was repeated four times, always with fresh acid. For the final 

(4th) repetition, aqua regia (HNO3:HCl, 1:3) was used for further cleaning. The clean CNTs 

were rinsed with ultrapure water until the supernatant became neutral (pH ~ 7) and finally 

dried under ambient conditions. 

For efficient Pt deposition in order to form the Pt/CNT catalysts the CNTs were surface 

functionalized.[161] For this purpose 1 g of the previously cleaned CNTs were suspended in 

100 mL of a mixture (1:1) of H2SO4 (8 M) and HNO3 (8 M) by sonication for three times, 

each time for 2 h at 60°C, always using new acidic solution. Finally, the CNTs were rinsed 

with ultrapure water until pH 7 was reached, and subsequently filtrated and dried.  

2.1.2.3 TiO2@CNT composite 

The TiO2@CNT composite support material consists of CNTs covered by a layer of titania, 

which was synthesized via a sol-gel process approach described by Eder et al.[162-164]. 

Benzyl alcohol was utilized as a complexing agent, linking the CNTs to the titania precursor. 

Therefore, the previously cleaned CNTs (without surface functionalization) were suspended 

in a solution containing 30 mL ethanol, 4.46 mL benzyl alcohol and 0.16 mL water (MilliQ) 

during 30 min of sonication. Next, a solution of 2.95 g (2.95 mL) titanium(IV) butoxide in 

20 mL ethanol was added dropwise to the stirring suspension. After 1 h of stirring, the 

product was vacuum-filtrated, washed with ethanol and water, dried and finally calcined for 

2 h at 500°C (30°C min-1). 

2.1.2.4  Pt deposition for Pt/TiO2, Pt/CNT, Pt/TiO2@CNT 

Pt nanoparticles were deposited on the previously synthesized support materials (TiO2, 

cleaned CNTs, TiO2@CNT) via a polyol process.[165] First, about 200 mg of each support 

material were suspended by sonication in 50 mL ethylene glycol, with the pH adjusted to 13 

by addition of NaOH pastilles in order to form the platinum hydroxide. That way, the average 

diameter of the Pt nanoparticles was kept at 2.5 – 3 nm. 50 mL of ethylene glycol were 

added to the mixture under continuous stirring, while the suspension was saturated with N2. 

Next, the desired amount, here 5 wt.% Pt relative to the support materials, of 

hexachloroplatinic acid (H2PtCl6 ∙ 6 H2O) was dissolved in ethylene glycol and added to the 

suspension. The reaction mixture was stirred under reflux in N2 atmosphere at 160°C for 

another 3 h. In the next step, the suspension was cooled down rapidly in an ice bath and 

then stirred overnight in the dark. Finally, 0.1 M HClO4 was added for setting the pH to 

about 4, followed by 1 h of sonication. Finally, the suspension was vacuum-filtered, washed 
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with 1 L of boiling water, dried overnight and lastly calcined for 2 h at 200°C (heating ramp 

rate 10°C min-1). The process was repeated with each support material to form the Pt/TiO2, 

Pt/CNT and Pt/TiO2@CNT catalysts. For comparison reasons, Pt/C (E-Tek, 20 wt.%) was 

also used as a catalyst. The resulting Pt loading of the catalysts was determined by 

Inductively Coupled Plasma - Optical Emission Spectrometry (ICP-OES, see chapter 

2.2.10). 

 Physical characterization methods 

All catalysts were characterized with electrochemical and physical methods. Scanning 

electron microscopy and (high-resolution-) transmission electron microscopy allow the 

determination of the catalysts morphology, where the latter also enables the Pt particle size 

determination of the Pt-based catalyst before and after the stability tests. The surface area 

was calculated from N2 sorption using the Brunauer, Emmett and Teller method. The bulk 

structure, crystallinity and composition of the catalysts were measured by X-ray diffraction, 

energy dispersive X-ray spectroscopy, CHN-analysis, and induced coupled plasma - optical 

emission spectroscopy, whereas the distribution of the elements in the materials was 

analyzed by scanning transmission electron microscopy via determination of the electron 

energy loss near-edge structure. X-ray photoelectron spectroscopy, Raman spectroscopy 

and temperature programmed desorption were performed in order to characterize the 

chemical structures and elements of the surface as well as to determine changes in the 

adsorption and acidity of the surfaces.  

2.2.1 (Scanning) transmission electron microscopy 

Optical microscopes based on visible light are not suitable for recording images of 

nanostructures. However, decreasing the wavelength enables microscopy on a nanometer 

scale.[166;167] First presented by Knoll and Ruska, electrons with smaller wave lengths than 

visible light can be used with energies between 80 – 400 keV for high-resolution imaging 

with transmission electron microscopes (TEM).[167] In a TEM, the lenses of the optical 

microscopes are replaced by an array of electromagnetic lenses focusing the electron beam 

onto a thin sample, resulting in elastic and inelastic scattering of the electrons. In the bright 

field mode, the elastically scattered electrons are made visible by forwarding the beam 

directly through further electromagnetic lenses onto a fluorescent screen.[168] The contrast 

results from the mass of the atoms in the sample. In dark field mode, however, the direct 

beam is blocked while the diffracted beam is forwarded and finally detected and displayed. 

Because of the strong interaction of the electrons in the dark field mode, information about 

planar and stacking defects can be collected.[168]  

In this work, all TEM measurements were performed in bright field mode using a JEOL1400 

instrument equipped with a CCD camera and using an electron energy of up to 120 kV. The 
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samples were prepared by pipetting a droplet of an ethanolic solution containing the catalyst 

powder (ca. 1 mg mL−1) onto a carbonized Cu grid (Plano, Mesh 300), followed by 

evaporation of the ethanol.  

TEM measurements were also used to determine the Pt particle sizes before and after the 

degradation tests. For the latter, the catalyst film was suspended in ethanol after the stability 

test and again deposited on the Cu-supported carbon-grid as described above. The 

measurement of the Pt particle size distribution was performed by measuring the diameter 

of at least 300 particles per catalyst, using the software ImageJ.  

For high-resolution - transmission electron microscopy (HR-TEM) in chapter 4, an 

accelerating voltage of 300 kV was applied using a FEI Titan 80-300 instrument. 

For the experiments reported in chapter 7, scanning transmission electron microscopy 

(STEM) was performed, employing a JEM-ARM200F (JEOL) instrument with a Cs corrector 

and an accelerating voltage of 80 kV. Additionally, the energy-loss near-edge structures 

(ELNES) were measured in order to obtain a map of the chemical N structure distribution 

(pyridinic-N and graphitic-N) for the CN-II catalyst. As resolution for the ELNES mapping, a 

pixel size of 5 Å × 5 Å was used for an area of 50 nm × 50 nm.  

STEM measurements were also performed on the catalysts in chapter 5, in combination 

with EDX for elemental mapping. For these measurements, a JEOL JEM-F200 HR-TEM 

with a cold field emission electron source with 200 kV equipped with a 100 mm² silicon drift 

detector with a total solid angle of 0.97 sr and an acquisition time of 170 s was used. The 

sample preparation for the STEM measurements is analogous to the TEM measurements 

described above.  

2.2.2 Scanning electron microscopy and energy dispersive X-Ray spectroscopy 

Similar to the TEM method, a focused electron beam (1-30 kV) is used for scanning electron 

microscopy (SEM) in order to gain information about the morphology of the samples on the 

nanoscale.[168] However, instead of detecting the elastically scattered electrons, other 

products, e.g., secondary and backscattered electrons as well as X-rays, of the interaction 

of the electrons with the sample are measured for the characterization of the topology and 

the composition. By detecting the resulting secondary electrons, it is possible to gain 

information about morphology and size of the particles, which was performed for chapters 

4, 5 and 6. The detection of the backscattered electrons enables the visualization of the 

contrast between atoms with different masses. Additional mapping and estimation of the 

local elemental composition is possible by observing the characteristic X-rays, a method 

which is called energy-dispersive X-ray spectroscopy (EDX). 

The SEM images in chapters 4, 5 and 6 were recorded with a field emission-scanning 

electron microscope (FE-SEM, Zeiss Ultra Plus) with a beam energy of 10 to 12 kV. For 

imaging, the powdered samples were deposited on a conducting carbon film. On the same 
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SEM, the EDX measurements were performed by using an additional large-area silicon-drift 

detector (Oxford X-Max 50) with an applied acceleration voltage of 15 kV and a detection 

time of 5 min per spot. 

In chapter 3, EDX was measured with an Zeiss Leo 1550 using an oxford instruments EDX 

sensor in combination with the INCA Suite 4.09. The samples were prepared by pipetting 

the catalyst suspension (see chapter 2.3.2) onto a silicon wafer and subsequent drying 

under a nitrogen stream.  

2.2.3 Thermogravimetric analysis 

In order to determine the changes of the catalysts with temperature in chapter 4 and 5, e.g., 

changes caused by calcination, the mass loss was measured while heating by 

thermogravimetric analysis (TGA), performed with a Netzsch STA 449 C system in air and 

in an Ar atmosphere, respectively. For the TGA, a temperature range from 20 to 1000°C 

was chosen (heating rate of 10°C min-1). 

2.2.4 Temperature programmed desorption 

Since the adsorption of small molecules like oxygen on the catalysts surface can be critical 

for the catalysts activity, especially for the ORR, temperature programmed desorption (TPD) 

spectra were recorded. Here, CO2 is used as a probe molecule to identify the Lewis basicity 

of materials. 

For the TPD spectra in chapter 7 and 8, first, the surface was cleaned at 680 K in vacuum. 

In the next step, the temperature was set to 290 K and the probe molecule CO2 was added 

to the system, where it was replaced by He after 30 min. After the CO2 adsorption on the 

sample surface the temperature was increased with a rate of 20 K min-1 until 600 K under 

a continuous flow of the He carrier gas. The CO2 desorbed during the temperature increase 

was detected by mass spectrometry (GCMS-TQ8040, Shimadzu). 

2.2.5 N2 sorption 

For every catalyst, it is important to determine the surface area in order to compare the 

current densities. This is especially essential when electrochemical measurements cannot 

deliver adequate surface area information, as it is the case for Pt-free catalysts. N2 sorption 

measurements can deliver such surface areas, even though it is not possible to differentiate 

between catalytically active areas and inactive surfaces. For the N2 sorption, the adsorbed 

volume of nitrogen is measured in a specific pressure window at -196°C (liquid nitrogen), 

detecting the adsorption and desorption of nitrogen on the catalysts surface. For the 

determination of the specific surface area (SSA) and porosity, different methods are 

available. The most common method for porous materials (Brunauer, Emmett and Teller, 

BET, 1938) uses adsorption of an inert probing gas, which does not react chemically with 

the surface.[169] For calculating the BET surface area, the experimental results are plotted 



 
 
 

Experimental 28 

by (Eq. 2-1), in which 𝑝 and 𝑝0 are the equilibrium and the saturation pressure, 𝑣 the amount 

of adsorbed gas, 𝑐 the BET constant and 𝑣𝑚 the quantity of gas adsorbed in a monolayer. 

From the linear plot, 𝑣𝑚 can be calculated from the slope and the y-intercept and, thus, the 

specific surface area can be determined. 𝑝𝑣(𝑝0−𝑝) = 𝑐−1𝑣𝑚𝑐 ∙ 𝑝𝑝0 + 1𝑣𝑚𝑐       Eq. 2-1 

Additionally, in chapter 3, the Barret-Joyner-Halenda (BJH) method was used for the 

calculation of the surface area, which is based on the determination of the mesopores 

distribution at a specific temperature.[170]  

The N2 sorption data in this work were acquired by using a Micromeritics ASAP 2420 

instrument (Micromeritics) with a relative pressure range of p/p0 = 0.05 - 0.99 and 

temperature of −196°C. For the BET and BJH (adsorption cumulative surface area) method, 

a relative pressure range of 0.05 to 0.3 p/p0 was used and in chapter 3, p/p0 = 0.211 was 

applied for the calculation of the single-point BET surface area. Additionally, the ratio of the 

micropore surface area to the specific surface area was determined by the t-plot method.  

2.2.6 CHN analysis 

The elemental composition of the catalysts is a crucial information necessary to understand 

the electrocatalytic results. One of the commonly used methods for the determination of the 

carbon, hydrogen and nitrogen content is the CHN-analysis, which is based on the oxidation 

of the samples followed by the detection of the gaseous products by a thermal conductivity 

detector or infrared spectroscopy (IR).[171] However, this method is limited to the detection 

of combustible elements like C, H, N and S, thus, additional methods need to be applied in 

order to obtain a full picture of the elemental composition. However, it is well suited for the 

nitrogen containing carbon-based catalysts presented in chapters 6 and 8. 

For the presented CHN analysis, a Vario MICRO cube instrument (Elementar 

Analysensysteme GmbH) was used, employing a thermal decomposition temperature of 

1000°C in air.  

2.2.7 X-Ray diffraction 

The crystallinity of the samples is important for the characterization, since it strongly 

influences its properties. X-ray diffraction (XRD) is a commonly used method for the 

determination of the crystallinity and it delivers additional information about the composition 

of the crystal parts of the catalysts. For the XRD measurements, an X-ray beam with a 

specific energy is focused on the sample, which results in the diffraction of the X-rays at the 

respective lattice phases. Measurements of the intensities and angles of these diffraction 

beams are used to extract the crystallinity information, applying Bragg’s law (Eq. 2-2), 

where 𝑑 is the crystal plane distance, 𝜃 is the scattering angle, 𝑛 a positive integer and 𝜆 
the wavelength of the X-ray beam.[172] Additionally, the Scherrer equation can be utilized in 
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order to determine the average crystallite sizes from the peak broadness in the diffraction 

patterns.[173] Furthermore, Rietveld refinement was used in this work to obtain the mass 

percentages of the different crystalline phases.[174]  2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆       Eq. 2-2 

XRD measurements were performed with an X’Pert MPD pro instrument (PANalytical) using 

Cu Kα radiation (λ = 0.154 nm) in a 2𝜃 range of 5° to 70° (0.025° continuous mode, 3.5 s 

per 0.25°). The Scherrer equation and the Rietveld refinement were used for the 

determination of the average crystalline size and the share of the individual phases. 

In chapter 4, XRD measurements were also performed for the catalyst film (TiON@CN-850) 

on the glassy carbon substrates before and after the degradation test, using a 

Siemens/Bruker D5005 diffractometer equipped with a Cu-cathode and a Göbel mirror.  

2.2.8 X-Ray photoelectron spectroscopy 

For all electrochemical reactions, the interface between the catalyst and the electrolyte is 

of major importance for the reactions studied. Thus, a characterization of the surface 

composition is necessary for understanding the catalytic activity of catalysts. As an 

especially surface-sensitive method, X-ray photoelectron spectroscopy (XPS) delivers 

detailed information on the electronic structure of the surface compounds and their 

composition. The binding energy (BE) information results from the measured kinetic energy 

of the electrons, leaving the atoms after an X-ray beam is focused on the sample. From the 

kinetic energy (𝐸𝑘𝑖𝑛), which is measured with an electron energy detector, the binding 

energy can be calculated by equation 2-3, where 𝐸𝐵 is the BE, ℎ𝑣 the X-ray beam energy 

and Φ𝑊 the work function of the analyzer. Depending on the X-ray beam angle, the 

measurements becomes more or less surface sensitive. 𝐸𝐵 = ℎ𝑣 − 𝐸𝑘𝑖𝑛 −Φ𝑊     Eq. 2-3 

All XPS measurements were performed utilizing a Physical Electronics PHI 5800 Multi 

ESCA System with monochromatic Al Kα radiation (250 W, 13 kV), an emission angle of 45° 

and pass energies of 93.30 eV for the survey spectra and 29.35 eV for the detail spectra. 

For sample preparation, thin-layer films were deposited by pipetting and subsequent drying 

of 20 μL of an aqueous catalyst suspension (see chapter 2.3.1 and 2.3.2) on a silicon wafer. 

The silicon wafer was cleaned prior to the film deposition by sequential rinsing in ultrapure 

water (MilliQ), 1 M KOH solution, and conc. H2SO4. Minor charging effects were 

compensated by a neutralizer (low energy electron flood gun). The measured BEs were 

calibrated by using either the C(1s) signal at 284.8 eV (adventitious carbon) or, to avoid an 

overlap with the C(1s) signal of the carbon-containing catalyst film, the Si(2p) signal of the 

silica wafer at 103.2 eV.[175] Evaluation of the data was performed by applying CasaXPS 

software for background subtraction of the measured signals, using a Shirley background 
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and, for Pt(4f), a Gaussian / Lorentzian line fit modified by an exponential asymmetric tail 

blend (SGL(30)T(1)).  

2.2.9 Raman spectroscopy 

Further structural information of the nitrided carbon, e.g., graphitization, can be obtained 

from Raman spectroscopy, measuring inelastically scattered monochromatic light. The 

latter interacts with the phonons and / or vibrations of the samples, causing an up- or down-

shift in the energy of the scattered light. The energy shifts (Stokes or anti-Stokes Raman 

scattering) can be detected and further used to obtain structural information of the carbon 

materials similar to infrared (IR) spectroscopy. In contrast to IR spectroscopy, however, 

molecules are Raman-active when their polarizability changes when rotating or vibrating.  

In this work, Raman measurements were performed by applying a Thermo DXR Raman 

microscope (Thermo, Madison) equipped with a confocal microscope BX41 (Olympus 

Corp.). The laser spot diameter was approximately 2.5 µm (10  microscope objective, 

NA = 0.25) with a laser power of 1 mW at 532 nm. For the Raman spectra, a frequency 

window from 100 cm-1 to 3700 cm-1 was measured (spectral resolution of 5 cm-1; 50 µm slit-

like pinhole) with an exposure time of 5 s and combining 10 spectra.  

2.2.10 Induced coupled plasma - optical emission spectroscopy 

The quantitative detection of elements, like Pt, is crucial for determining the amount of Pt in 

the catalysts as well as the dissolution of the Pt during degradation. Induced coupled 

plasma - optical emission spectroscopy (ICP-OES) delivers precise information on the 

amounts of different elements by spraying the samples into plasma and detecting the light 

emitted by the stimulated atoms / ions. Here, it is used to determine the amount of Pt in the 

Pt-based catalysts described in chapter 3. For the ICP-OES measurements, aqueous 

solutions of the catalyst powders where examined using a Horiba Ultima 2 instrument. 

Furthermore, the amount of Pt dissolved in the electrolytes by the degradation tests was 

determined. Therefore, the electrolyte used for the degradation test was evaporated until 

only about 10 mL remained. The Pt amount in the resulting solution was analyzed using a 

Spectro Arcos ICP-OES.  

2.2.11 Resistance measurements of the catalyst films 

Electrochemical reactions on catalysts are depending on the electric conductivity of the 

catalyst materials and the support. However, the quantification of the electric conductivity 

is rather difficult and depends strongly on the method used. Here we analyzed the 

resistance of a catalyst film by pipetting and drying 80 µL of the catalyst suspension (2.3.2) 

on a glassy carbon disk. Next, the catalyst film was covered by another glassy carbon disk 

which was tightly pressed onto the catalyst film. Finally, the resistance between both glassy 

carbon and the catalyst film was determined using a Keithley 197A multimeter.  
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 Electrochemical characterization methods 

Following the physical characterization of the materials, the catalyst films were prepared 

and electrochemically characterized. The methods applied are explained in the following 

chapter. 

2.3.1 Ink preparation 

For the formation of the catalyst films, a catalyst ink consisting of the catalyst powder 

suspended in water was prepared. For the Pt-free catalysts, 4 mg mL-1 of the catalyst were 

suspended in MilliQ water. For the Pt-based catalysts, the amounts were chosen to result 

in a suspension with 0.4 mgPt mL-1 for reasons of comparison. Because of the hydrophobia 

of the CNTs, Nafion (1 vol.% of a 10 wt.% Nafion solution) was added to the catalyst ink of 

all CNT-containing suspensions. The Nafion ensured the mechanical stability of the catalyst 

layer on the glassy carbon and, following Schmidt et al.[176], does not result in additional 

diffusion limitations. After preparation of the catalyst ink, sonication was applied until the 

suspensions were homogeneous. For the CNT-containing catalyst, continuous stirring for 

more than 3 weeks was necessary for homogenization of the suspensions. 

2.3.2 Film preparation 

The previously prepared homogeneous suspensions were further used for film preparation. 

For the rotating (ring) disk electrode measurements, described later (2.3.3), the film was 

deposited on a glassy carbon disc with a geometrical area of 0.283 cm2 enclosed by the 

Teflon RRDE head. For the measurements in chapter 7 and 8, the geometric area was 

0.196 cm2. Another glassy carbon with a diameter of 0.39 cm2 was used for preparation of 

the thin-layer films for the DEMS measurements. However, the glassy carbon was not fully 

covered by the catalyst film, instead, only an area of about 0.28 cm2 in the middle of the 

glassy carbon (droplet deposited) was exposed to the electrolyte which is about the size of 

the catalyst film. 

20 µL (10 µL in chapter 7 and 8) of the respective catalyst suspension (with and without 

Nafion) were pipetted onto the glassy carbon and subsequently dried in a nitrogen stream. 

For the CNT-free (Nafion-free suspensions) catalysts, another layer of an aqueous 1 vol.% 

Nafion solution (10 wt.%) were pipetted onto the catalyst films and dried again following the 

method of Schmidt et al.[176] Before the measurements of the films, they were moistened 

with water in order to prevent air bubbles in the catalyst film. 

For the RRDE measurements in chapters 4, 5 and 6 (Pt-free catalysts), this resulted in films 

with a catalyst loading of 80 µg per film (283 µg cm-2), in chapters 7 and 8 (CN catalysts) to 

a catalyst loading of 40 µg per film (204 µg cm-2) and a Pt loading of 8 µg (28 µg cm-2) for 

the Pt containing catalysts in chapter 3.  
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2.3.3 Rotating (ring) disk electrode 

The rotating (ring) disk electrode (R(R)DE) was established in the so called “Frumkin 

Epoche” in the middle of the 20th century by the group of the Russian electrochemist 

Alexander Naumowitsch Frumkin.[177] It is a powerful tool for the characterization of 

electrochemical reactions under diffusion-controlled conditions and furthermore enables the 

detection of side products like hydrogen peroxide in the ORR. It consists of a unit which 

rotates the working electrode and thus the catalyst film when dipped in the electrolyte. The 

rotation results in a laminar flow of the electrolyte (and the reactants) at the surface of the 

catalyst film, forming a diffusion layer whose thickness is controlled by the rotation rate. The 

reaction products leaving the diffusion layer are transported along the surface of the R(R)DE 

head by the radial flow. In the RRDE setup, an additional Pt ring is placed around the 

working electrode disc (catalyst film), which can be biased at a constant potential in order 

to detect the oxidizable / reducible products in the radial electrolyte flow. For example, when 

analyzing the ORR, hydrogen peroxide, which is a side product of the ORR, can be 

adsorbed and oxidized on the Pt ring biased at 1.2 V vs. RHE, and thus can be detected 

via the current resulting at the ring electrode. Calculating the hydrogen peroxide yield with 

equation 2-4,[178;179] one has to know the collection efficiency 𝑁 of the RRDE setup, which 

is 0.2 (20%)[179] for all measurements except those in chapter in 7 and 8, where 𝑁 is 0.39. 

Further, 𝐼𝑟 and 𝐼𝑑 are the currents measured at the ring and the disk, respectively, of the 

RRDE.  𝐻2𝑂2(%) = 2 |𝐼𝑟|𝑁|𝐼𝑑|+|𝐼𝑟| ∙ 100     Eq. 2-4 

In an R(R)DE setup, the rotation-controlled diffusion layer limits the reactions at the catalyst 

layer. Thus, the current can be limited by the mass transport to the catalyst film, defining 

the mass transport limited current. The occurring transport processes can be described by 

the three-dimensional Nernst-Planck equation (Eq. 2-5) by neglecting the migration term 

because of the laminar flow, which yields in the mass transfer coefficient 𝑚0 (Eq. 2-6) and 

finally in the Levich equation (Eq. 2-7), describing the mass transport limited current 

(𝐼𝑙).[178;180] Here, ∇ is the Nabla operator, 𝐽0 the diffusion flux, 𝐶0 the reactant concentration, 𝐷0 the diffusion constant, 𝑣 the viscosity of the electrolyte, 𝜔 the rotation rate, 𝐹 the Faraday 

constant and 𝐴 the surface area of the electrode. 

−∇𝐽0 = − 𝜕𝐶0𝜕𝑡 = 𝐷0∇2𝐶0 − 𝑣∇𝐶0    Eq. 2-5 𝑚0 = 0.62 𝐷023𝜔−12𝜐−16      Eq. 2-6 𝐼𝑙 = 𝑛 𝐹𝐴 0.62 𝐷023𝜔−12𝜐−16 𝐶0∗        Eq. 2-7 
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Furthermore, the correlation between the measured current 𝐼, the kinetic current 𝐼𝑘𝑖𝑛 and 

the transport limited current 𝐼𝑙 is given by equation 2-8, correlating the rotation rate with the 

measured current by combining equation 2-5 and 2-7, also called the Koutecký-Levich 

equation.[178]  1𝐼 = 1𝐼𝑘𝑖𝑛 + 1𝐼𝑙      Eq. 2-8 

The Koutecký-Levich equation can be employed for the calculation of the transferred 

electrons by plotting 𝐼𝑙 vs. 𝜔−12 and, furthermore, for the determination of the rate constant 𝑘0 and the symmetry factor 𝛼 by plotting at different potentials.[178]  

The R(R)DE measurements in chapters 3 - 6 were performed with a Pine Instruments 

Analytical Rotator (AFASRE) controlled by a Pine Instruments bi-potentiostat (AFRDE5). It 

used a glassy carbon (film deposition as described in 2.3.2) as working electrode with a 

geometrical area of 0.283 cm2, the ring potential was set to 1.2 V (2nd working electrode). 

The setup is depicted schematically in Figure 2-3. The measurements were performed in a 

glass cell in which the electrolyte can be saturated with the desired gas. Two compartments, 

containing the counter electrode (Pt wire) and the reversible hydrogen electrode (RHE) 

acting as reference electrode, are separated from the main body of the glass cell by a frit. 

The RHE consists of an electrically connected Pt sheet inside a glass tube filled with the 

same electrolyte as used in the electrochemical measurement and a hydrogen bubble. This 

way, the pH effects on the potential were automatically considered. All following potentials 

will be quoted versus that of a RHE. 0.5 M H2SO4 or 0.1 M KOH in MilliQ water were used 

as electrolyte, saturated with either oxygen, nitrogen or hydrogen (see chapter 2.3.5.1 to 

2.3.5.4). For the R(R)DE analysis, a scan rate of 10 mV s-1 and a rotation rate of 1600 rpm 

were applied. Further details on the performed R(R)DE experiments are given in chapters 

2.3.5.1 and 2.3.5.2. 

In chapters 7 and 8, a different RRDE setup (Dynamic Electrode HR-301, Hokuto Denko) 

was utilized for the measurements. They were performed with a glassy carbon working 

electrode with a geometrical area of 0.196 cm2, surrounded by a Pt-ring biased at 1.2 V vs. 

RHE for the analysis of the hydrogen peroxide yield. Here, a glassy carbon rod was applied 

as counter electrode to prevent any influence of possibly dissolved Pt and a saturated 

Ag/AgCl electrode or a Hg/HgSO4 electrode as reference electrode. Both reference 

electrodes are of the non-leaking type, the measured potentials were pH-corrected and 

converted to the RHE (RDeE) scale for comparison. 0.05 M H2SO4 (D2SO4) and 0.1 M KOH 

(KOD) in H2O (D2O) were used as electrolytes, saturated with oxygen or argon. 

Furthermore, a scan rate of 10 mV s-1 and a rotation rate of 1200 rpm were applied for the 

measurements.  
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Figure 2-3: Sketch of the RRDE setup and the occurring processes. 
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2.3.4 Differential electrochemical mass spectrometry 

The limitation of the product analysis of the RRDE for oxidizable / reducible products, which 

was developed for the analysis of hydrogen peroxide, can be overcome by combining the 

electrochemical setup with a mass spectrometer (MS), enabling the detection of a broad 

range of volatile molecules. In the MS, the molecules are ionized and further detected based 

on their mass and charge with a quadrupole mass analyzer. However, combining an 

electrochemical, water-based system with a MS in an ultrahigh vacuum chamber is rather 

challenging, since the vacuum system must be separated from the electrolyte. This 

separation was first accomplished by Bruckenstein et al.[181] in 1971 by applying a porous 

membrane in between the electrolyte and the MS. Instead of using a rotation for electrolyte 

circulation, as used for the RRDE, a dual thin-layer flow cell (Figure 2-4) was used.[182] The 

time delay between the evolution of the later analyzed products and the detection in the MS 

is critical for the assignment of the current signals of the electrochemical cell to the MS 

signals. An on-line detection with a time delay of below 0.1 s was developed 1984 by Wolter 

and Heitbaum by using a hydrophobic Teflon-membrane. In the following this method was 

named “differential electrochemical mass spectrometry”, or DEMS.[183;184] The membrane 

enables volatile molecules, like O2, H2, CO and CO2, to diffuse into the MS. Hence, it is 

possible to detect the reaction products of several oxidation processes as well as hydrogen 

and oxygen evolution. Figure 2-4 depicts the DEMS setup used in chapter 3. Driven by the 

hydrostatic pressure or a pump, the electrolyte enters the dual thin-layer flow cell and flows 

into the first compartment, where it impinges on the catalyst film and the electrochemical 

processes take place. The electrolyte flow and, thus, of the products, continues to the 

second compartment, where they flow along the membrane. While the electrolyte leaves 

the flow cell, the volatile product molecules diffuse through the membrane into a vacuum 

system where they are detected by the MS. However, only a fraction of the products reach 

the MS, thus, a calibration has to be performed in order to quantitatively correlate the 

electrical currents of the electrochemical setup and the signal currents of the MS. This is 

done by normalization on the collection efficiency, similarly to the RRDE measurements in 

chapter 2.3.3, resulting in the 𝐾∗ value calculated via equation 2-9, where 𝑛 is the amount 

of electrons transferred in the reaction (𝑛 = 2 for COad oxidation), 𝑄𝑀𝑆 the charge measured 

by the MS and 𝑄𝐹 the Faradaic charge measured in the electrochemical reaction.[185;186] 

Hereby, the charge is calculated by integration of the measured current (MS and Faradaic) 

versus the time.       𝐾∗  =  𝑛 𝑄𝑀𝑆𝑄𝐹       Eq. 2-9 

The DEMS setup was applied in chapter 3 for the analysis of the CO oxidation to CO2 on 

different Pt catalysts using a Balzers QMS 112A MS in combination with a thin-film dual 
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thin-layer flow cell[182] in which the potential is controlled by a Pine Instruments potentiostat 

(AFRDE5) and the electrolyte flow results from hydrostatic pressure. The further 

experimental procedure is described in chapter 2.3.5.3. 

 

 
Figure 2-4: Sketch of the DEMS setup and the occurring processes. 

2.3.5 Electrochemical and electrocatalytic measurements 

Potentiodynamic measurements are the most common technique when using R(R)DE a 

flow cell setups. In both cases, the potentiostat controls the potential and measures the 

currents in a three-electrode setup (four electrodes for the RRDE measurements). The 

advantage is the separation of the current flow and the potential control, thus enabling a 

potential control at the working electrode unobstructed by the current. The electrochemical 

measurements can be performed by changing the potential through stepping or scanning 

with a certain scan speed. Scanning voltammetry is often used in order to obtain cyclic 

voltammograms (CVs) by continuously, linearly de- and increasing the potential, resulting 

in a triangular voltage. Using those basic methods, the specific electrochemical protocols 

are presented in the chapters 2.3.5.1 till 2.3.5.4.  

2.3.5.1 Base Cyclic Voltammetry 

Characterizing the basic reactions and processes occurring at the electrode surfaces is the 

first step for analyzing catalyst films. For doing this, the catalysts are measured in nitrogen 

/ argon saturated electrolyte, which results in so called base cyclic voltammograms (BCVs). 
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The BCVs of the Pt-free and Pt-based catalysts differ strongly, which is illustrated in Figure 

2-5, showing both the BCV of Pt/C and of nitrided carbon (CN-1000). While nitrided carbon 

only shows a large capacitive current correlating roughly with its surface area and some 

indefinable surface oxidation / reduction processes, several processes occur on the Pt 

surface. Starting at 0.4 V and lowering the potential to 0.06 V, the reductive hydrogen 

adsorption, the so-called hydrogen underpotential deposition (HUPD), occurs. A further 

decrease of the potential would result in the hydrogen evolution reaction (HOR) at potentials 

below 0.06 V vs. RHE. The subsequent increase of the potential leads to an oxidative 

desorption of the previously adsorbed hydrogen, resulting in a measured current till the 

hydrogen is fully desorbed from the surface. The structure of the HUPD peak is often used to 

draw conclusions about the surface structure and its energetically different adsorption 

sites.[187;188] Further increasing the potential past 0.4 V, no electron transfer reactions occur 

on the Pt surface. The current at this potential area is caused by the continuous capacitive 

charging of the catalyst surface, which can act as pseudo capacitor. In that potential area, 

adsorption processes are observed, e.g., physisorption of sulfate from sulfuric acid-based 

electrolytes, which does not result in an electron transfer. Thus, no current is detected for 

this process. At 0.8 V, first hydroxide and finally water adsorb at about 1.0 V on the surface 

which then starts to oxidize the Pt surface until the upper atomic layers are fully oxidized at 

potentials above 1.0 V. Continuously increasing the potential would result in the oxygen 

evolution reaction (OER). To prohibit the OER, the upper potential limit is chosen at 1.2 V, 

after which the potential is reversed and lowered again. Hence, the PtOx surface is reduced 

until the plain Pt surface is restored at about 0.6 V and, again, only the capacitive currents 

are detected.  

 

Figure 2-5: BCV of Pt/C (left) and CN-1000 (right) in 0.5 M H2SO4. 
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The specific BCV for Pt provides information about the catalyst itself, most important, the 

electrochemical active surface area (ECSA), which can be calculated by integrating the 

currents over time in the upper or lower HUPD peak.[189] Since the amount of transferred 

electrons corresponds to the amount of adsorbed hydrogen atoms, it is possible to draw 

conclusions about the ECSA by applying equation 2-10.[189;190] In equation 2-10, QF(𝐻𝑈𝑃𝐷) 
represents the integrated HUPD charge after substraction of the double layer charging, as 

marked in Figure 2-5. θH is the surface saturation coverage, which is 0.77 for hydrogen on 

polycrystalline Pt at the onset of the hydrogen evolution, n is the amount of electrons 

transferred per molecule and q(pcPt) is the charge per geometrical surface area for a Had 

monolayer on polycrystalline Pt (0.21 mC cm-2).[189] 

ECSA(𝐻𝑈𝑃𝐷) = QF(𝐻𝑈𝑃𝐷)
θH ∙n∙ q(pcPt)     Eq. 2-10 

2.3.5.2 Oxygen reduction reaction 

Characterizing the reduction of oxygen on different catalysts is a major aim in this work, 

focusing on the stability of Pt-containing catalysts and on the selectivity and activity of metal-

free catalysts. For the ORR analysis, the R(R)DE setup with oxygen saturated electrolyte 

was employed as described in chapter 2.3.3. The typical potential window for the Pt 

catalysts is 0.06 to 1.2 V, for metal-free catalysts between -0.4 and 1.2 V. A typical ORR 

curve is presented in Figure 2-6 which displays the results of an E-Tek Pt/C (20 wt.%) 

catalyst layer prepared as explained in chapter 2.3.1 and 2.3.2. The thermodynamic 

potential for the ORR is 1.23 V, however, a rather large overpotential is needed to reach 

efficient current densities (see chapter 1.3).[25;26] For Pt/C, the ORR onset is at about 1.0 V, 

meaning that the kinetically hindering overpotential is larger than 0.2 V. For Pt-free catalysts 

this overpotential increases further, as later shown in chapter 4 to 8. Followed by the ORR 

onset, the current density increases rapidly, limited by the kinetics of the ORR in this 

potential range. The kinetics in this “kinetic region” can be evaluated by applying the Tafel 

plot (chapter 2.4). The limited supply of reactants, controlled by the diffusion layer, thus, the 

rotation rate of the R(R)DE, results in a current density limited by the mass transport, 

forming a current density plateau. This mass transport limited current density mainly 

depends on the geometrical surface area of the catalyst film and is only influenced by the 

size of the diffusion layer, hence, by the rotation rate. In order to quantify the ORR activity 

and compare different catalysts, the currents are compared at a specific potential, 0.85 V in 

chapter 3, and rotation rate (1600 rpm), normalized on either the geometrical area, or on 

the ECSA, resulting in the surface area normalized activity (SA) or on the catalyst mass (Pt 

mass, determined by ICP-OES), where the latter leads to the mass normalized activity (MA). 

However, comparing different catalysts requires comparable conditions when measuring, 

such as rotation rate, temperature, oxygen partial pressure and electrolyte. In all chapters, 
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the measurements were performed at room temperature at a rotation rate of 1600 (chapters 

3 - 6) or 1200 (chapters 7 and 8). In chapter 3 - 6, 0.5 M H2SO4 and / or 0.1 M KOH were 

used as electrolyte, in chapter 7 and 8, 0.05 M H2SO4 / D2SO4 and 0.1 M KOH / KOD.  

For any ORR catalyst, the ORR selectivity is a major criteria when characterizing the ORR 

activity, thus, the hydrogen peroxide yield was calculated with the RRDE setup as described 

in chapter 2.3.3, using equation 2-4. In chapter 3, the hydrogen peroxide yield was 

compared at 0.4 V where all catalysts reached the mass transport limited currents. 

 

Figure 2-6: ORR of Pt/C in O2 saturated 0.5 M H2SO4, 10 mV s-1 at different rotation speeds. 

2.3.5.3 COad-oxidation 

The COad-oxidation is an important technique for detecting the active surface area and 

support effects of Pt catalysts, which is used in chapter 3 in order to characterize the support 

effect of titania and titania-CNT composite supports. For the COad-oxidation, the DEMS 

setup is applied because of its ability to detect volatile molecules like CO2. For this 

measurement, at first a BCV is recorded and the Pt surface is cleaned by cycling to high 

potentials. Next, while holding the potential of the electrode constant at 0.06 V, the 

electrolyte was switched to a CO saturated electrolyte for 30 s. After switching back to the 

N2 saturated electrolyte, the flow cell was thoroughly rinsed to remove all residual CO. It is 

important that no air bubble accesses the flow cell system, since it may lead to a potential 

loss at the electrode, destroying the adsorbed CO layer. After cleaning, the potential was 

increased at a scan rate of 10 mV s-1 and a CV was recorded between 0.06 and 1.2 V for 

two cycles, while measuring the CO2 mass signal at m/z = 43.9. The Faradaic and the MS 

currents where integrated and normalized via the 𝐾∗ value, as described in chapter 2.3.4. 
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Additionally, the COad-oxidation data can also be utilized to calculate the ECSA based on 

the same principle as for the HUPD in chapter 2.3.5.1, as shown in equation 2-11, were now 

2-electrons are transferred per molecule, QF(𝐶𝑂𝑎𝑑 − 𝑂𝑥. ) is the integrated charge of the 

COad-Oxidation peak and the COad saturation (θCO) is 0.68 monolayers.[191] The numbers 

of the available adsorption sites were assumed to be identical for the Hupd and the 

COad-stripping. Those COad stripping measurements were performed before and after the 

accelerated degradation test (see chapter 3) experiments to determine the ECSA, and 

compare the decay in ECSA with that calculated from the HUPD measurements. 

ECSA(𝐶𝑂𝑎𝑑-Ox.) = QF(𝐶𝑂𝑎𝑑−𝑂𝑥.)
θCO ∙n∙ q(pcPt)    Eq. 2-11 

2.3.5.4  Degradation simulation 

For the simulation of the start-stop degradation in chapter 3, the RRDE setup was employed 

in combination with a programmable Princeton Applied Research 273A potentiostat, which 

allowed us to perform the accelerated degradation test (ADT) protocol. This is based on 

square wave cycling between 0.4 and 1.4 V, while holding each potential for 1 s.[42;53;54] The 

ADT was performed for 10000 cycles in nitrogen saturated electrolyte without rotation. In 

between the ADT cycles, BCV and ORR measurements were performed to determine the 

degradation of the ECSA and ORR activity caused by the degradation test.  

As described in chapter 3, particle size changes due to the ADT were determined by 

evaluation of TEM images before and after the degradation simulation and the Pt loss during 

the degradation tests was analyzed by ICP-OES measurements of the electrolyte after the 

ADT.  

 Kinetic isotope effect 

Analysis of the ORR kinetics is rather difficult, since the ORR mechanism consists of four 

electron and proton transfer (PT) reactions with several possible reaction pathways. Even 

though simulations are an efficient tool for clarifying the processes, simplifications can make 

final conclusions difficult. However, it is also possible to gain basic information on the 

mechanism by evaluation of the currents in the kinetic region (at the ORR onset), which is 

mainly determined by the RLS. For Pt, this step was found to be the first electron transfer, 

which can be coupled with a proton transfer or not, depending on the Pt structure and the 

pH. However, metal-free, nitrided carbon catalysts have not been studied as intensively as 

Pt catalysts, thus, the RLS is basically unknown. The rather simple question whether the 

proton transfer is coupled with the electron transfer or not in the RLS can be answered by 

determining the ratio of the isotope rate constants (k0
H/k0

D) ≡ KH D⁄  (Eq. 2-12) and thus the 

kinetic isotope effect (KIE).[192] If KH D⁄  > 1, the RLS consists of a proton-coupled electron 
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transfer (PCET) and if KH D⁄  ≈ 1, the RLS can be characterized by an electron transfer (ET) 

without proton transfer. 𝐾𝐻 𝐷⁄ = 𝑗0𝐻𝑗0𝐷 × 𝐶0𝐷𝐶0𝐻     Eq. 2-12 

For clarifying this, the ORR activities determined in chapter 7 and 8 were measured in both 

normal (0.05 M H2SO4, 0.1 M KOH) and in deuterated electrolyte (0.05 M D2SO4, 0.1 M 

KOD) in H2O and D2O, respectively. The Tafel plot (equation 2-13) is used to determine the 

exchange current densities 𝑗0𝐻 𝑎𝑛𝑑 𝑗0𝐷 for equation 2-12. C0
H and C0

H are the O2 saturation 

concentrations in the corresponding electrolyte, where the quotient 
𝐶0𝐷𝐶0𝐻 has a value of 1.101 

at 298 K.[41] In equation 2-13, α, F, R and T represent the transfer coefficients, Faraday 

constant, gas constant and temperature (298 ± 1 K in this experiment), respectively.  

𝑗 = 𝑗0𝑒𝑥𝑝 (𝛼𝐹𝑅𝑇 𝜂) ⇔ log(𝑗) = log(𝑗0) + 𝛼𝐹2.303𝑅𝑇 𝜂   Eq. 2-13 

Further we assume that α does not change in the range of the overpotentials used for the 

evaluation. The extrapolation of log(j) to zero overpotential results in the exchange current 

density j0. The number of electrons transferred before (𝒔) and in (𝒓) the RDS in a reaction 

involving a sequence of reaction steps, as present in the ORR, is given by: 

𝜶 = 𝒔𝛎+ 𝒓𝜷     Eq. 2-14 

In equation 2-14, β and 𝛎 represent the symmetry factor in the RDS and the stoichiometric 

coefficient, respectively.[193] 

When measuring in deuterated electrolyte, applying the adequate potential correction is 

important since the use of heavy water changes the pD (pH in deuterated electrolyte). Thus, 

the pD has to be corrected in order to calculate the overpotential. First, the potential has to 

be adjusted from the Ag/AgCl (NaCl sat.) to the RHE / RDeE reference by equation 2-15 

and 2-16, respectively. 

𝑉 𝑣𝑠. 𝑅𝐻𝐸 = 𝑉 𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙 (𝑁𝑎𝐶𝑙 𝑠𝑎𝑡. ) + 0.197 (𝑉) + 0.059 𝑝𝐻   Eq. 2-15 

𝑉 𝑣𝑠. 𝑅𝐷𝑒𝐸 = 𝑉 𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙 (𝑁𝑎𝐶𝑙 𝑠𝑎𝑡. ) + 0.197 (𝑉) + 0.013 (𝑉) +  0.059 𝑝𝐷 Eq. 2-16 

For equation 2-16, the pD hast to be calculated by equation 2-17 and 2-18, since the 

dissociation constant of heavy water (pKW
D2O = 14.87) differs from that of normal water 

(pKW
H

2
O = 14). This effects the pD scale.[41]  

𝐹𝑜𝑟 0.1 𝑀 𝐾𝑂𝐷:   𝑝𝐷 = 14.87 − 𝑝𝑂𝐷 (1.0) = 13.87   Eq. 2-17 
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𝐹𝑜𝑟 0.05 𝑀 𝐷2𝑆𝑂4:   𝑝𝐷 = 14.87 − 𝑝𝑂𝐷 (13.0) = 1.87  Eq. 2-18 

For the Tafel plot, all electrochemical potentials were further converted to the overpotential 

scale, as shown in equation 2-19 and 2-20.  

𝜂 (𝑉) = 1.229 𝑉 −  𝐸 (𝑉 𝑣𝑠. 𝑅𝐻𝐸)     Eq. 2-19 

𝜂 (𝑉) = 1.262 𝑉 −  𝐸 (𝑉 𝑣𝑠. 𝑅𝐷𝑒𝐸)      Eq. 2-20 

Here, the equilibrium potential of the ORR in non-deuterated electrolyte is 1.229 V vs. RHE 

and that of the ORR in deuterated electrolyte 1.262 V vs. RDeE.[192] 

 Theoretical calculations 

Even though experimental data can provide insight in the ORR processes, main parts of the 

mechanism remain inaccessible. Theoretical calculations can provide additional information 

which, together with experimental data, can help to disclose the mechanism and 

intermediates and thus provide explanations for experimental findings. To fulfil that premise, 

in chapter 7 and 8, density functional theory (DFT)-based calculations were carried out and 

evaluated by our cooperation partners from the NIMS (A. Lyalin, K. Sakaushi, T. Taketsugu 

and K. Uosaki) to better describe the ORR on nitrided carbon catalysts with varying nitrogen 

contents. For that, the gradient-corrected exchange-correlation functional of Wu and Cohen 

(WC)[194] was applied, and implemented into the SIESTA package.[195] The WC functional 

allows a sufficient description of the lattice constants, crystal structures, and the surface 

energies of solids and systems with layered structures. The valence electrons of all atoms 

were treated by Double-ζ plus polarization function, while the core electrons were described 

by Troullier-Martins norm-conserving pseudopotentials.[196] The Nelder–Mead simplex 

method[197;198] was applied for optimization of the hydrogen and oxygen atom basis sets for 

fitting of the theoretical values of the free energy balance of reaction 2-20 to the 

experimental value of ΔGexp= −4.92 eV.  𝑂2(𝑔) + 2 𝐻2(𝑔) → 2 𝐻2𝑂(𝑙)     Eq. 2-20 

The free energy for the solvation of a water molecule ΔGsolv (H2O) was set to its 

experimental value of ΔGsolv (H2O) = −6.32 kcal mol-1.[199] For all systems, periodic boundary 

conditions were applied. The optimization of the graphene lattice (lattice parameter 

is 2.479 Å) was performed by using the Monkhorst-Pack with a 20 x 20 k-point mesh for 

Brillouin zone sampling.[200] Based on that, an optimized lattice of graphene was used to 

construct a 12 × 12 model cell of the catalyst including a pore of about 1.5 nm in diameter 

and separated by a vacuum region of 20 Å. Because of the large size of the supercell, the 

Γ point was used for sampling the Brillouin zone. In order to guarantee the convergence of 



 
 
 

Experimental 43 

the total energies and forces, an energy cutoff of 200 Ry was applied and a common energy 

shift of 10 meV was used. Self-consistency of the density matrix was achieved with a 

tolerance of 10−4. Geometry optimization was performed by the conjugate-gradient 

approach with a threshold of 0.02 eV Å−1.[201] Finally, all energies were corrected for the 

basis set superposition errors. 
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 Chemicals 

  Table 2-1: List of chemicals used for the syntheses and the experiments. 

Chemical Formular Chapter Supplier Purity 

1-ethyl-3-

methylimidazolium 

dicyanamide  

C8H11N5 7 Merck 98% 

ammonia NH3 4, 5, 6, 7, 8 Air Liquide 99.9% 

argon Ar 4, 5, 6, 7, 8 Air Liquide 99.99% 

benzyl alcohol C7H8O 3 Merck 99% 

carbon nanotubes  

d = 110 - 170 nm 

C 3 Sigma Aldrich >90% 

carbon monoxide CO 3 Westfalen Gas 4.7 

deuterated 

potassium 

hydroxide 

KOD 7, 8 Cambridge 

isotope 

99.9% 

deuterated  

sulfuric acid 

D2SO4 7, 8 Wako Chemicals 99.8% 

deuterated water D2O 7, 8 Sigma-Aldrich 99.9% 

dicyandiamide C2H4N4 7 TCI >98% 

diethylether C4H10O 4, 5 Gatt Koller 99% 

ethanol (synthesis) C2H6O 4, 5, 6, 8 VWR 99,50% 

ethanol (TEM) C2H6O 3, 4, 5, 6, 8 Merck Emsure 99.9% 

ethylene glycol  C2H6O2 3 Merck 99.5% 

glucose C6H12O6 4, 5, 6, 7, 8 Amresco 98% 

hexachloroplatinic 

acid  

H2PtCl6 ∙ 6 H2O 3 Alfa Aesar 99.9%  

hydrochloric acid HCl 3, 6 VWR Chemicals 36.6% 

hydrogen  H2 3 Westfalen Gas 5.0 

iron (III) nitrate  Fe(NO3)3 6 Merck >99.95% 

Nafion  C7HF13O5S·C2F4 3, 4, 5, 6 Sigma Aldrich 10 wt.% aq. 

Nafion  C7HF13O5S·C2F4 7, 8 Chemix 5 wt.%  

in ethanol 

nitric acid HNO3 3 Merck 69% 

nitrogen N2 3, 4, 5, 6, 8 Westfalen Gas 5.0  

oxygen O2 3, 4, 5, 6, 

7, 8 

Westfalen Gas 6.0 
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Chemical Formular Chapter Supplier Purity 

perchloride acid HClO4 3 Merck Suprapur 70%,  

potassium 

hydroxide 

KOH 4, 5 Merck Emsure 99.95% 

potassium 

hydroxide 

KOH 7, 8 Wako Chemicals 99.9% 

sodium hydroxide 

(synthesis)  

NaOH 3 Sigma Aldrich 99.99%,  

sulfuric acid H2SO4 3, 4, 5, 6 Merck suprapur 

sulfuric acid H2SO4 7, 8 Wako Chemicals >96% 

tantalium(V) 

butoxide  

Ta(OC4H9)5 5 Sigma Aldrich 97% 

tantalum(V) oxide Ta2O5 5 Alfa Aesar >99% 

titania (P25) TiO2 4 Degussa >99.5% 

titanium(IV) 

butoxide  

Ti(OC4H9)4 3, 4 Sigma Aldrich 97% 

water (MilliQ) H2O 3, 4, 5, 6, 

7, 8 

Millipore Systems 18.2 MΩ cm 
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3 Oxygen reduction reaction activity and long-term stability 

of platinum nanoparticles supported on titania and titania-

carbon nanotube composites 

The content of this third chapter was published in reference [202] and is reprinted and 

adapted with permission from J. Power Sources 2018, 400, 580-591 

(10.1016/j.jpowsour.2018.08.036). Copyright ©2018 Elsevier B.V. The experimental section 

was removed and the information added to the experimental part in chapter 2 of this work. 

Furthermore, the content and structure were adjusted to the style and layout of this work by 

adapting the numbering of the sections, the references, the figures and the spelling. 

In chapter 3, the synthesis of the support materials, the electrocatalytic characterization and 
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 Abstract 

Aiming at Pt nanoparticle catalysts for application in polymer electrolyte membrane fuel cell 

(PEMFC) cathodes, which are highly active and more corrosion resistant under realistic 

mobile applications than common Pt/C catalysts, we have prepared and investigated Pt 

catalysts supported on highly stable, nanostructured composite materials containing carbon 

nanotubes and titania. TiO2@CNT composite materials are synthesized via sol-gel 

processing and subsequent Pt deposition. The physical and electrochemical properties as 

well as the stability of these catalysts, as determined by TEM, XPS, RRDE measurements 

and ADTs, were compared with those of commercial Pt/C, Pt/TiO2 and Pt/CNT. The 

measurements reveal a high activity of the composite catalyst, comparable to that of the 

Pt/C catalysts, but an almost complete loss of ORR activity upon an ADT procedure 

simulating start-stop behavior. In contrast to carbon supported catalysts, where degradation 

is mainly associated with corrosion at high potentials, we find the titania supported catalysts 
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to mainly suffer from the reductive treatment in the ADTs. Consequences for the use of Pt 

catalysts supported on reducible oxides such as TiO2 as cathode catalysts in fuel cell 

applications are discussed. 

 Introduction 

The lifetime of fuel cells, which is largely related to the durability of the catalyst, is a crucial 

factor for their successful commercialization in stationary and automotive applications. This 

has stimulated intense research of degradation effects in fuel cells and the development of 

new approaches to improve the cathode catalyst stability.[42;48;52;93;104;108;203-206] Main 

challenge is to maintain the activity for the ORR also under conditions relevant for practical 

operation of polymer electrolyte membrane fuel cells (PEMFCs).[42] It has been shown that 

several factors can reduce the lifetime of PEMFC catalysts, including (1) platinum particle 

dissolution and sintering,[48;65] (2) dissolution of the non-noble element in bimetallic PtMe 

(Me = 2nd metal) catalyst particles,[207;208] or (3) corrosion of the carbon support under 

cathode operation potentials and the resulting detachment of the Pt nanoparticles.[48;60;65;209] 

Therefore, different groups including ours started to explore possibilities to replace the 

commonly used high surface area carbon supports such as Vulcan XC-72 by more 

corrosion resistant materials.[55;103;104;205;210] It was demonstrated, e.g., that novel 

nanostructured carbon materials such as carbon nanotubes and other carbon modifications 

with mostly graphitic structures are more corrosion resistant under oxidizing conditions than 

conventional carbon supports.[42;211] The graphitic surfaces of these materials contain fewer 

defect sites than high surface area carbons, thereby reducing the sensitivity towards 

oxidation. Nevertheless, also graphitized carbon supports cannot fully prevent carbon 

corrosion. 

Several groups claimed that titania based support materials can improve the stability of Pt 

catalysts, with only low ORR activity losses compared to Pt/C.[103-105] In most studies, 

however, the low electric conductivity of the catalysts, which leads to increased Ohmic 

losses, was improved by either doping TiO2, e.g., with nitrogen or carbon,[55;105] by addition 

of conductive materials such as carbon,[107;210;212] or by using very thin TiO2 films on a 

conducting substrate.[107;213;214] In order to limit losses in stability due to the incorporation of 

oxidizable carbon materials, a number of groups used highly corrosion resistant multi-walled 

carbon nanotubes (MWCNTs). This conductive backbone gives, in combination with oxide 

materials such as TiO2, a so-called composite Pt catalyst for the ORR.[106-109] It turned out, 

however, that also these catalysts can suffer from lower activities due to high electric 

resistance, introduced by a too thick titania layer.[108;109] In addition, the CNTs had to be 

surface functionalized, e.g., by treatment in acid, to deposit titania on them, which increased 

their susceptibility towards corrosion again. 
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Here we report results of a study where, following up on this idea, we pursued a different 

synthetic approach, depositing a thin layer of titania on well-conducting and corrosion 

resistant MWCNTs via a modified sol-gel process.[162-164] Using benzyl alcohol as a linker 

between the hydrophobic CNT surface and the hydrophilic titania precursor, this results in 

a rather homogeneous formation of the TiO2 layer on top of the MWCNTs, with a well-

controllable titania layer thickness. The layer thickness can be adjusted rather accurately 

by the amount of water added to the reaction mixture during the sol-gel synthesis. Since 

this deposition procedure does not require any surface functionalization, we expect to 

maintain the higher corrosion stability of the CNTs compared to that of standard carbon 

supports. The corrosion stability of the CNTs should be further improved by the fact that the 

Pt particles (diameter of 2.5 - 3 nm) are preferably deposited on the titania layer, since the 

non-surface-functionalized CNT surface lacks defect sites, where the Pt particles can attach 

to during the polyol process.[165] Considering that the carbon corrosion is catalyzed by Pt 

nanoparticles in contact with the carbon surface,[59;60] and that the Pt particles are not in 

direct contact with carbon, this should further reduce carbon corrosion. 

We will first present results of the structural and electronic characterization (section 3.3.1) 

of the nanostructured Pt/TiO2@CNT composite catalysts and, for comparison, of a 

commercial Pt/C catalyst, a Pt/TiO2 catalyst, and a Pt/CNT catalyst. The chemical properties 

of these catalysts were characterized by DEMS (section 3.3.2) and the ORR performance, 

including the activity and the selectivity for the 4-electron reduction to water, was evaluated 

by RRDE measurements (section 3.3.3). Finally, we evaluated the stability of these 

catalysts in ADTs, simulating start-stop conditions (section 3.3.4), which were also 

performed in the RRDE setup.[42;52-54;109;215;216] The main conclusions from these findings are 

summarized in section 3.4.  

 Results and discussion 

3.3.1 Physical characterization 

The N2 sorption measurements of the support materials resulted in rather low surface areas. 

The single point BET surface area of the CNT support is 14.2 m2 g-1 (BJH surface area is 

15.7 m2 g-1), indicating a low surface area. The TiO2@CNT showed an about twofold higher 

single point BET surface area of 32.9 m2 g-1 (BJH surface area is 29.7 m2 g-1). This should 

lead to a better distribution of the deposited Pt particles and less agglomeration, however, 

is still rather small compared to high surface carbon materials, as used in the commercial 

Pt/C catalyst (BET surface area of > 200 m2 g-1).[217] For the pure TiO2 support we obtained 

a BET surface area of 87.5 m2 g-1 (BJH surface area is 86.1 m2 g-1), which is higher than 

that of the pure CNTs and the composite. This explains also why the addition of TiO2 in the 

TiO2@CNT support material increases its surface area. 
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Figure 3-1:  TEM measurements and histograms of the particle size distribution for all catalysts: 

a,e) Pt/C, b,f) Pt/CNT, c,g) Pt/TiO2@CNT, d,h) Pt/TiO2 before (a,b,c,d) and after the 

ADT (e,f,g,h).  
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Overview TEM micrographs of the different catalysts and the corresponding particle size 

distributions are shown in Figure 3-1 a, b, c and d. Overview TEM images are presented in 

the supporting information (SI) (Figure 3-9). Comparing the images, we note a 

homogeneous distribution of the Pt on the carbon surface of Pt/C, while on the CNTs (see 

side view of a CNT in Figure 3-1 b) network-like interconnected structures appear rather 

than separated particles. We attribute this to the graphitic-like surface structure of the CNTs 

with few defect sites that can serve as nucleation sites for the Pt particle formation.[211] Since 

the ends of the CNTs have a large number of defects, well-separated Pt particles can be 

observed in those regions.[218] The more dominant Pt network structures should be taken 

into account when comparing the electrocatalytic properties of the different catalysts.  

The titania covered CNTs (c) consist of titania nanocrystals grown on the outer surface of 

the CNT-support, although TiO2 deposition inside the nanotubes cannot be excluded due 

to their rather large diameter. The amount of titania covering the CNTs is controlled by the 

amount of water used during the synthesis.[162;163] In these experiments we aimed at an as 

thin as possible titania coating in order to maintain sufficient electric conductivity to the Pt 

nanoparticles deposited on the CNT supported titania layer (thickness estimated < 10 nm). 

In contrast to Pt/CNT (b), the Pt nanoparticles on TiO2@CNT (c) are well separated, similar 

to the Pt NPs on the pure titania (Pt/TiO2, (d)) which we explain by a preferential Pt 

deposition on the TiO2 deposits (see TEM image) rather than on the CNTs. Ivanshina et 

al.[106] also reported an improved Pt particle distribution on titania covered CNTs compared 

to the pristine surfaces, in agreement with our results.  

Applying the same Pt deposition method for the different support materials used here (CNT, 

TiO2@CNT, TiO2) led to mean Pt particle sizes of about 2.3 to 2.7 nm (Table 3-1) and a 

monomodal size distribution. The commercial Pt/C (E-Tek) catalyst shows a mean particle 

size of 3.1 nm. Therefore, particle size effects can be excluded when comparing the Pt/C, 

Pt/TiO2@CNT and Pt/TiO2 catalysts. Note that for the Pt/CNT catalyst the evaluation of the 

Pt particles was limited to the separate particles at the ends of the CNTs, which may differ 

in their electrocatalytic properties from those of the network-like Pt structures. For both 

titania supports (TiO2 and TiO2@CNT), XRD measurements reveal a crystalline anatase 

structure, with a characteristic reflection at 25.3° (SI: Figure 3-10).[107] The broader width of 

this TiO2 anatase reflection compared to that of TiO2@CNT points to larger crystallites for 

the composite material. For the TiO2@CNT support material the diffractograms show an 

additional reflection at 26.3°, which is assigned to the (002) plane of the layered graphene 

structure of the CNTs.[107] 

Additional Energy-Dispersive X-ray Spectrometry (EDX) were performed to determine the 

amount of titania in the catalysts. The results are presented in Table 3-1 and show for 

Pt/TiO2@CNT 41 wt.% of TiO2 and 47 wt.% carbon, which depicts a 1:1 wt.% distribution of 
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the titania layer and the CNTs for the TiO2@CNT catalysts. The Pt/TiO2 catalyst mainly 

consists of TiO2 (84 wt.%) as presented in Table 3-1, and no carbon. Keeping in mind that 

the quality of the EDX measurements is limited, also the found amounts of Pt fit to the 

results of the ICP-OES measurements. 

Table 3-1: Mean Pt particle diameter, Pt(4f) binding energies, ECSA (HUPD and COad Ox.) and 

chemical composition (EDX) of the different supported Pt catalysts. 

XPS detail spectra of the Pt(4f) region are shown in Figure 3-2, the binding energies (BEs) 

obtained for the different samples (after drying in N2) are listed in Table 3-1. Figure 3-2 also 

shows the deconvolution of the measured signals, with contributions from a metallic Pt0 

peak and an oxidic Pt2+ species. For the Pt/C catalyst, the Pt0 peaks are located at 72.5 and 

75.8 eV, respectively, whereas the signals for the Pt2+ state are located at 74.8 and 78.1 eV. 

For the Pt/TiO2 catalyst the peaks are shifted by about 0.6 eV to lower BEs compared with 

Pt/C, which we attribute to electronic metal-support interactions.[55] This shift is attributed to 

electronic metal-support interactions, leading to a charge transfer from the support material 

to the Pt particles. This increased electron density is likely to affect also the electrocatalytic 

properties of the Pt catalysts. A similar down-shift was determined for the Pt/TiO2@CNT 

catalyst, in agreement with the TEM results, indicating that the Pt particles are mainly 

located on the titania layer of the composite.  

For the Pt/CNT catalyst we also found the Pt0(4f) signal to be down-shifted by about 0.3 eV 

relative to Pt/C. Hence, also the interaction with the CNTs results in a downshift, similar to 

Pt/TiO2, but very different from that Pt/C. The latter difference, at rather similar Pt particle 

sizes, must be due to the very different electronic structure of the CNTs compared to the 

mesoporous carbon Vulcan support (Pt/C)[93;107;219] and the Pt network structure of Pt/CNT. 

From the following electrochemical measurements, in particular, the electrooxidation of 

adsorbed CO, we will gain further information about a support effect caused by the 

composite material. 

material 

mean 

particle 

size / nm 

Pt(4f) binding 

energy / eV 

(Pt0/Pt2+) 

ECSA 

(HUPD) /  

m2 g(Pt)-1 

ECSA  

(COad Ox.) / 

 m2 g(Pt)-1 

EDX / ±3 

wt.% 

Pt:C:O:TiO2 

Pt/C 3.1 ± 0.6 72.5/74.8 ± 0.1 70.6 ± 12.4 90.1 ± 2.1 27:63:10:0 

Pt/CNT 2.3 ± 0.7 72.2/74.5 ± 0.1 58.3 ± 8.6 69.4 ± 7.3 10:81:9:0 

Pt/TiO2@CNT 2.6 ± 0.5 71.9/74.2 ± 0.1 47.5 ± 4.8 52.1 ± 4.7 6:47:6:41 

Pt/TiO2 2.7 ± 0.8 71.9/74.2 ± 0.1 22.1 ± 1.6 24.0 ± 2.3 13:0:3:84 
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Figure 3-2:  XPS results for the Pt(4f) signals of a) Pt/C, b) Pt/CNT, c) Pt/TiO2@CNT, d) Pt/TiO2, 

as indicated in the figure, including the fit of the metallic (Pt0) (red line) and oxidic 

species (Pt2+) (blue lines). 
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Figure 3-3:  Comparison of the BCVs of a) Pt/C, b) Pt/CNT, c) Pt/TiO2@CNT and d) Pt/TiO2 

measured via RDE in N2 saturated 0.5 M H2SO4, 10 mV s-1. 

3.3.2 Electrochemical characterization of the differently supported Pt 

nanoparticles 

The electrochemical properties of the differently supported Pt nanoparticles were 

characterized by cyclic voltammetry in base electrolyte. The current responses to the 

electrode potential for the various Pt catalysts, which are displayed in Figure 3-3, show the 

typical features of polycrystalline Pt in acidic media, i.e., the hydrogen underpotential 

deposition / desorption (HUPD) signals in the range of 0.06 to 0.4 V and the Pt oxidation / 

reduction features at potentials higher than 0.7 V.[176;220] For the CNT containing Pt/CNT and 

Pt/TiO2@CNT catalysts, an additional cathodic peak was observed in the HUPD region at 

about 0.1 V, which overlaps with the peak for hydrogen adsorption on Pt at 0.12 V, and 

which does not show up as desorption peak in the anodic scan. A similar effect of CNTs 
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was already reported by Chen et al. and Xia et al., without discussing its origin in more 

detail.[206;221] The discrepancy between the anodic and cathodic charges in the Hupd region 

by about 40% indicates that this specific signal does not originate from hydrogen adsorption 

on Pt alone. Therefore, the ECSAs were determined from the HUPD desorption charges in 

the positive-going scan of the BCV. Comparing the CVs of Pt/C with those of the Pt/TiO2, 

Pt/CNT and Pt/TiO2@CNT catalysts shows a lower pseudo-capacitive current in the double 

layer region (0.4 V to 0.8 V) for the latter three catalysts, as expected for the lower specific 

surface area of the CNT (<50 m2 g-1) and the TiO2 supports compared to the high-surface-

area carbon support (~250 m2 g-1). 

Table 3-1 lists the Pt mass normalized ECSAs, calculated from the HUPD desorption and 

from the COad oxidation charge, respectively. For both methods, the trends of the ECSAs 

are identical. The Pt/C catalyst has an about 20% higher ECSA compared to the Pt/CNT 

catalyst, as expected for the absence of aggregated Pt structures on the Pt/C catalyst 

(Figure 3-1 a, b), since the Pt-network structure on the Pt/CNT catalyst lowers the 

accessible Pt surface area and thus the ECSA per Pt mass deposited significantly. Since 

such a network structure was not observed on the composite-supported Pt particles, their 

Pt mass normalized ECSA is rather similar to that for Pt/C. The ECSA further decreases 

somewhat for the Pt/TiO2@CNT catalyst, which is most simply explained by a fraction of Pt 

nanoparticles that are not electrically connected to the electrode. This effect is even more 

pronounced for the Pt/TiO2 catalyst, whose ECSA is only about half of that of the 

Pt/TiO2@CNT catalyst. Obviously, the CNTs improve the electric contact between electrode 

and Pt nanoparticles as compared to the titania supported Pt nanoparticles. 

In order to gain additional information on the influence of the support on the electrocatalytic 

properties of the Pt nanoparticles, i.e., about metal - support interactions, we performed 

COad oxidation experiments using DEMS for the detection of the volatile product CO2. This 

allows us to exclude additional contributions such as pseudo-capacitive currents to the 

measured Faradaic COad oxidation currents. The resulting mass spectrometric COad 

oxidation signals (MSCVs) are presented in Figure 3-4. Similar to the XPS measurements, 

they show a clear influence of the different support materials. In good agreement with 

previous findings, the COad oxidation potential of the Pt/TiO2 catalyst (maximum at 0.69 V) 

is about 90 mV lower than that of the Pt/C catalyst (0.78 V), both in the Faradaic and mass 

spectrometric currents.[115;116] The peak potentials of the Pt/CNT catalyst were found at 

about 0.8 V, in agreement with the observation of Li et al.[222], and the same value was 

observed for the Pt/TiO2@CNT catalyst. This contrasts the behavior of the chemical shifts 

in XPS, where the Pt(4f) electrons of the Pt/CNT catalyst show a similar shift of the BE to 

lower values as for the Pt/TiO2 catalyst. On the other hand, the Pt particles of the 

Pt/TiO2@CNT catalyst showed a similar BE of the Pt(4f) electrons as for the Pt/TiO2 
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catalyst, which we took as further evidence that these Pt nanoparticles are mainly located 

on titania (see also the TEM results). In total, these results underline that there is no simple 

correlation between the COad oxidation activity and electronic effects induced by the 

support. Apparently, the support effect of titania on the Pt particles is different for Pt/TiO2 

and for Pt/TiO2@CNT, where only a thin film of TiO2 is present on a conducting support 

backbone, demonstrating the different influence of thin titania layers and bulk titania on the 

supported particles. In addition, these results show that it is not possible to directly link a 

shift of the Pt(4f) BE with an electrocatalytic effect on the COad oxidation and with that the 

catalytic performance of a catalyst. 

 

Figure 3-4:  COad stripping experiment on Pt/C, Pt/CNT, Pt/TiO2@CNT and Pt/TiO2 performed via 

DEMS in N2 saturated 0.5 M H2SO4, 10 mV s-1, m/z = 43.9. 
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The COad oxidation traces of the Pt/CNT and Pt/TiO2@CNT catalysts also exhibit a distinct 

pre-peak at lower potentials between 0.7 and 0.75 V (Figure 3-4). It is also present for the 

Pt/C catalyst, but to a relatively lower extent. A lower potential for COad electrooxidation can 

result from a destabilization of the COad species on highly covered surfaces by repulsive 

interactions, CO adsorption on defect sites, and/or particle size effects, where small particle 

sizes lead to an up-shift of the COad oxidation peak.[223;224] For the Pt/CNT catalyst, the pre-

peak can be explained by the agglomeration of the Pt particles, which is equivalent to a 

distinct increase in Pt particle size, i.e., the pre-peak would reflect the more bulk-like 

behavior of Pt particles in electric contact.[225] Additionally, Johannson et al.[226] suggested 

that the different electronic structures at the end of the CNTs and at the graphitized sites 

along the CNTs are responsible for the different oxidation states. Interestingly, the COad 

oxidation potential of the Pt/TiO2@CNT catalyst is about 100 mV higher than that of the 

Pt/TiO2 catalyst, while the Pt(4f) BEs are essentially identical for both. The reason for this 

discrepancy in the CO oxidation potential of the TiO2 and TiO2@CNT supported Pt 

nanoparticles is still unclear. While on a first approach the chemical particle - support 

interactions are expected to be identical, supported also by the similar Pt(4f) BEs, the 

difference in COad oxidation potential indicates that there must be differences in the 

chemical properties of the Pt/TiO2 and Pt/TiO2@CNT surfaces.  

3.3.3 Catalytic activity in the ORR 

The ORR performance was characterized by potential scan RRDE (up-scan) 

measurements in O2 saturated base electrolyte at 1600 rpm (see in Figure 3-5 a, b). Both, 

the Pt/CNT and the Pt/C catalyst behave similarly and reach the expected mass transport 

limited current density (geometrical) of about 4.4 mA cm-2.[179] The Pt/TiO2 catalyst, 

however, does not achieve the current density of the carbon-based support catalysts (Pt/C 

and Pt/CNT), most likely because of an insufficient amount of electrically connected Pt 

particles and possibly a poor oxygen transport in the catalyst layer. The addition of the 

conducting CNT backbone (Pt/TiO2@CNT), however, improves the mass transport limited 

current significantly. Nevertheless, in the kinetic region, the performance of the titania-CNT 

composite-supported catalysts is slightly worse than that for the TiO2-free catalyst (see also 

Figure 3-5 a). The hydrogen peroxide yields (Figure 3-5 b) are lower than 2% for all 

examined samples at potentials higher than 0.2 V although they increase slightly with 

decreasing potential for the titania containing catalysts. 

For comparison of the ORR activity, we used both the MA, normalized on the Pt mass of 

the catalyst) and the ECSA-normalized (ECSA evaluated by using the HUPD-area) currents 

(specific activity, SA), where the former provides information on the technically relevant 

activity and the latter on the inherent activity of the catalyst surface. The values obtained 
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Figure 3-5:  ORR measurements: a) ORR current densities (geometrical), b) H2O2 selectivity for 

Pt/C, Pt/CNT, Pt/TiO2@CNT and Pt/TiO2 and c) SA and MA at 0.85 V, determined by 

RRDE in O2 saturated 0.5 M H2SO4 (10 mV s-1, 1600 rpm). 

 

for the MA and SA at 0.85 V are compiled in Figure 3-5 c. Here the Pt/TiO2 catalyst shows 

the lowest mass specific activity, while the other three catalysts exhibit about similar current 

densities. For the specific activity, we find the highest value for the Pt/TiO2 catalyst, which 

had also the lowest mass specific ECSA, followed by the Pt/CNT, Pt/C and Pt/TiO2@CNT 

catalysts. For the mass specific activity, the difference between the catalysts are smaller. 

Here the Pt/C catalyst (E-Tek) shows the highest value (67 ± 8 mA mg-1), in agreement with 

values reported previously.[227] The mass specific activities of the composite supported 

catalyst is comparable to that of the Pt/CNT catalyst, even though the Pt particles are 
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located on titania in the first case, and both are close to that of the Pt/C catalyst. The lowest 

activity is obtained for the Pt/TiO2, which displays only half of the MA of the composite 

supported Pt/TiO2@CNT catalyst.  

The MA for Pt/TiO2@CNT (62 ± 3 mA mg-1 at 0.85 V) compare well with the highly active 

TiO2/CNT-composite supported Pt catalysts (~60 mA mg-1 at 0.85 V) of Akalework et al.[107]. 

The Pt/TiO2 catalyst investigated in the present work (36 ± 7 mA mg-1 at 0.85 V) even 

exceeds the performance of the Pt/TiO2 catalyst of Huang et al. with a MA of about 

26 mA mg-1.[205] 

3.3.4 Stability of the ORR catalysts under start-stop conditions 

To test the long-term stability of the catalysts and their ORR performance, fuel cell relevant 

ADTs were performed, mimicking the degradation under start-stop conditions.[52;53;55;215;216] 

In general, the ADT procedure strongly affects the catalysts due to the wide potential 

window (0.4 – 1.4 V).[42;53;54] 

Before presenting and discussing the degradation induced changes in the electrochemical 

and electrocatalytic properties of the catalysts, we will first characterize changes in the 

physical properties of the Pt catalysts induced by the ADT. Changes in the Pt particle size 

/ particle size distribution, e.g., due to agglomeration or sintering, were characterized by 

TEM measurements after the ADT (Figure 3-1 (e,f,g,h)). Obviously, the Pt/C catalyst had 

lost a significant fraction of its Pt surface due to particle growth and agglomeration (36% 

increase in particle size for Pt/C, Table 3-2), which fits well to the loss of ECSA. For the 

Pt/CNT catalyst, the TEM measurements also identify a strong particle growth (44% 

increase in mean particle size for Pt/CNT, Table 3-2, Figure 3-1 b and f), indicating a strong 

tendency for Pt particle growth / agglomeration also on Pt/CNT catalysts, which considering 

their ECSA are more stable than the Pt/C catalysts. The titania layer of the Pt/TiO2@CNT 

catalyst seems to stabilize the Pt particles against growth/agglomeration, as indicated by 

Figure 3-1 c, g and Table 3-2, where the particle size distribution stays almost unchanged, 

with only a slight growth in the mean particle size. Likewise, also the Pt/TiO2 catalyst reveals 

only a minor increase of the Pt particle size (Figure 3-1 d, h and Table 3-2). The less 

pronounced increase in Pt particle size for the titania-supported Pt particles was often 

explained by a stronger interaction and thus lower mobility of Pt with / on TiO2.[228] 

The detail spectra of the Pt(4f) regions of the Pt/TiO2 catalyst obtained in XPS 

measurements before and after the ADT in N2 atmosphere is shown in the SI in Figure 3-11. 

The stability test does not result in any major changes in the electronic properties of the Pt 

according to the XPS results. They even indicate a lower fraction of oxidized PtOx surface 

species on the surface, thereby excluding a modified electronic effect of the titania as a 

reason for the degradation in ORR activity.  
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  Table 3-2: Pt particle sizes before and after ADT, Pt particle size increase and Pt loss during 

ADT. 

 Pt/C Pt/CNT Pt/TiO2@CNT Pt/TiO2 

init. 3.1 ± 0.5 nm 2.3 ± 0.7 nm 2.6 ± 0.5 nm 2.7 ± 0.6 nm 

ADT 4.2 ± 0.9 nm 3.3 ± 1.1 nm 3.2 ± 0.9 nm 3.0 ± 0.7 nm 

Part. size increase 36% 44% 24% 12% 

Pt loss* 47 ± 3% 12 ± 1% 17 ± 2% – 11 ± 3% 

*determined via ICP-OES 

To quantify the overall Pt loss during the ADT procedure, we analyzed the electrolytes used 

for the ADTs by ICP-OES. The results in Table 3-2 clearly demonstrate the low stability of 

the amorphous carbon supported catalyst (Pt/C), since about half of Pt is lost during the 

stability test. The Pt/CNT, Pt/TiO2@CNT and Pt/TiO2 catalysts show much lower Pt losses 

than the Pt/C catalyst, reaching values between 10 and 20% (Table 3-2).  

The results of the ADTs are displayed in Figure 3-6, which show the changes in the BCVs 

(a-d) and the ORR current densities (e-h), as well as the modification of the ECSA (i), the 

ORR activity (geometric current density, j), SA (k) and MA (l) upon the ADT procedure. 

Considering the loss in ECSA, the CNT and the CNT-titania composite supported catalysts 

are less affected than the Pt/C and Pt/TiO2 catalysts, with about 60% for the former ones 

after 10000 cycles, while it is > 90% for the latter catalysts. Hence, the Pt/C and Pt/TiO2 

catalysts almost completely lost their ECSA, very different from the stabilizing effect of pure 

TiO2 reported in the literature.[107;205] However, the degradation test conditions are different 

from the ADT used in this work. For instance, Huang et al.[205] applied a potential window of 

0.6 - 1.15 V for 1000 cycles at 50 mV s-1, whereas Akalework et al.[107] cycled 2500 times at 

50 mV s-1 from 0.6 to 1.4 V for the simulation of the degradation.[107;205]  

Another interesting effect is that for the Pt/TiO2@CNT catalyst the Pt oxidation/reduction 

related features vanish almost completely in the BCVs, while the HUPD features are still 

clearly visible (Figure 3-6 c, d). This disappearance of the Pt oxidation/reduction peaks was 

also observed by Savych et al.[229] for Pt on titania nanofibers, though for rather different 

degradation conditions. 

Interestingly, the situation is different when looking at the ORR activity (Figure 3-6 i-l). Here 

we will first compare the geometric current densities (normalized to the surface area of the 

electrode), which do not consider changes in the ECSA or in the loss of Pt loading due to 

dissolution. This is the most relevant parameter for describing the catalyst degradation from 

a technical point of view, since it characterizes the loss of electrode performance. If not 

stated differently, we will use this value in future when discussing the ORR activities. 
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Comparing again the values obtained at 0.85 V, the activity of both titania-supported Pt 

catalyst electrodes decreases much more rapidly than those of the carbon supported Pt/C 

and Pt/CNT catalysts, with an essentially complete loss of the ORR activity at 0.85 V after 

10000 cycles for the former ones, while the latter ones show a less pronounced decay in 

ORR activity (loss about 55%).  

 

Figure 3-6:  Overview of the ADT stability test results for Pt/C, Pt/CNT, Pt/TiO2@CNT and Pt/TiO2 

performed via RRDE after 1, 1000, 5000, 10000 ADT cycles, (a,b,c,d) BCV 

measurements in N2 saturated 0.5 M H2SO4, 10 mV s-1; (e,f,g,h) ORR measurement 

in O2 saturated 0.5 M H2SO4, 10 mV s-1, 1600 rpm and comparison of the degradation 

of i) the ECSA, j) the geometrical ORR current densities, k) the SA and l) the MA for 

the ADT stability tests. 

The discrepancy between losses in ECSA and in the geometric ORR current density results 

in pronounced changes in the Pt surface area normalized ORR activity (SA) during the 

ADTs. The SA of Pt/C increases by 175%, caused by an ECSA loss of 88% and the less 

severe current density loss of 55%, while for Pt/CNT the SA stays about constant even after 

10000 cycles, and the Pt/TiO2@CNT as well as the Pt/TiO2 catalysts even show a 
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pronounced decrease of the SA. This results from the combination of a strong degradation 

in ORR activity (geometric ORR current densities) and a much less pronounced decay in 

ECSA.  

Finally, we will also compare the Pt mass normalized ORR activities (MA). In this case we 

used the initial Pt loading for determining the initial MA, while the final MA was calculated 

using the amount of Pt left on the catalyst after the ADT. The latter was determined as the 

difference between the initial Pt loading and the Pt amount dissolved in the electrolyte after 

the ADT (see above for details). Using these Pt contents on the initial and degraded Pt 

catalysts, Pt/C is the most stable catalyst with only a loss of about 12%, whereas Pt/CNT 

loses 48% and both titania supported Pt catalysts show a complete loss of their MA.  

In combination, the above results lead to a contradicting picture. They show a higher stability 

of the Pt particles on titania against dissolution (Pt/TiO2  Pt/CNT  Pt/TiO2@CNT << Pt/C) 

and growth (Pt/TiO2 < Pt/TiO2@CNT < Pt/C < Pt/CNT) as determined by ICP-OES and TEM 

measurements, where the latter finding are also in agreement with previous 

reports.[103;104;205;230] This differs distinctly from the trend in the ECSA, where the stability 

decreases in the order Pt/CNT  Pt/TiO2@CNT << Pt/C < Pt/TiO2. For the Pt/TiO2 catalyst, 

the ECSA had decreased to only 4% after the ADT. Also, contradictory are the different 

trends in ECSA and ORR activity, using the geometric current density at 0.85 V. The latter 

decays in the order Pt/CNT  Pt/C << Pt/TiO2@CNT  Pt/TiO2, showing a by far stronger 

loss of activity for the TiO2 supported catalysts. Most simply, one would expect similar trends 

for both, resulting in a constant SA, which is obviously not the case. Therefore, there must 

be other processes not considered so far which contribute to or even dominate the loss of 

ORR activity, but have little impact on the ECSA. 

Comparison of the results of the ADT experiments described above with previous stability 

tests on pure or modified titania supported Pt catalysts[103-105;107;205;231;232] is almost 

impossible, in particular on a quantitative scale, because of the largely varying procedures 

and parameters employed for stability tests. Furthermore, also the Pt/C catalysts often used 

as reference seemed to vary considerably in their catalytic performance and stability, 

limiting also the comparison on a relative scale. Overall, the degradation of the 

Pt/TiO2@CNT catalyst presented here seems to be comparable to that of other titania based 

catalysts, although this conclusion will depend considerably on the quality of the respective 

reference catalysts,[107;205] and there is ample evidence that under certain conditions titania 

based support materials can be benificial for the stability of Pt catalysts in the 

ORR.[103;104;231;232] 

Other processes which could lead to a loss of ORR activity are, e.g., a loss of electrical 

contact of Pt nanoparticles (change in geometric current density and mass specific ORR 

activity), electronic modification of the Pt particles (change in all three types of ORR activity), 
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or partial overgrowth of the Pt particles by support material (change in geometric current 

density and mass specific ORR activity). It is well known for Pt/TiO2 catalysts that under 

reducing conditions these can be overgrown by reduced TiOx species, which is generally 

described as strong metal-support interaction (SMSI effect).[113;233] Different from 

heterogeneous catalysis, where such overgrowth processes typically occur at temperatures 

of several hundred degrees Celsius, reductive TiOx formation would here be induced at 

room temperature, by the repetitive excursion of the electrode potential to low values. Such 

kind of overgrowth would stabilize the Pt particles against coalescence and dissolution, as 

observed by TEM and ICP-OES for Pt nanoparticles loaded on TiO2 and TiO2@CNT. The 

thin titania cover layer is expected to block access of O2 to the underlying Pt surface, thereby 

hindering the ORR and the Pt surface oxidation as shown before (Figure 3-6). On the other 

hand, this is not reproduced by the Hupd behavior, however, we suspect it is caused by the 

higher mobility of H+ compared to O2. 

In the following we will present additional experiments, which were performed to shed more 

light on the physical origin of the strong loss of ORR activity of the TiO2 supported catalysts 

upon the ADT procedure. If the loss in ORR activity was simply due to inhibited O2 diffusion 

to the surface, one might envision that Hupd is still possible, while O2 transport to the surface 

is inhibited. To test this hypothesis, we also determined the ECSA before and after the 

stability test via oxidation of pre-adsorbed CO, comparing the COad oxidation charge with 

the Hupd charge. As a result (Table 3-3), we found comparable losses of the ECSA for both 

methods upon the ADT and thus no significant indication for a blockage of CO adsorption 

by the titania layer. Considering that CO diffusion should be equally affected as O2, based 

on their comparable sizes, the above hypothesis cannot explain the discrepancy between 

ECSA and ORR activity. 

  Table 3-3: Comparison of the ESCA loss during 10000 cycles of the ADT calculated via the 

HUPD area and the COad oxidation. 

 Pt/C Pt/CNT Pt/TiO2@CNT Pt/TiO2 

ECSA (HUPD) -87% -59% -67% -89% 

ECSA (COad ox.) -85% -64% -71% -84% 

To further test the proposed overgrowth effect, we performed HR-TEM measurements (SI: 

Figure 3-12) of the Pt/TiO2@CNT catalyst before and after the ADT in order to directly detect 

the blocking titania layer. The images indicate that the Pt particles of Pt/TiO2@CNT are 

located mainly on the titania. There seems to be a thin layer of an unidentified species on 

top of the Pt particles, both before and after the ADT. The thickness of that layer is <1 nm. 
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Nevertheless, because of the absence of any significant changes upon the ADT this result 

cannot support the proposal of Pt particle overgrowth nor does it contradict it. 

As another test we exposed the catalyst after the ADT to a reducing treatment, exposing it 

for 30 min at 0 V to H2 saturated electrolyte (1600 rpm). Here one might envision that 

adsorbed hydrogen can displace the TiOx layer from the Pt surface, thereby increasing the 

Pt surface area accessible to O2. Figure 3-7 depicts the result of these measurements, 

where the ORR after the ADT is shown before and after holding at 0 V for 30 min in H2 

saturated electrolyte. The data resolve almost no effects for the carbon supported catalysts 

(a, b), while for the titania supported catalysts (c, d) there is a small increase in ORR activity. 

Such kind of recovery would not be expected for (irreversible) Pt dissolution, losses due to 

Pt particle detachment and similar processes. However, we cannot exclude that this effect 

is caused by the increased electric conductivity due to the reduction of the titania support 

material. 

To gain further insight on the physical origin of the extensive loss of ORR activity (MA) of 

titania supported Pt catalysts, we performed a number of additional measurements. In a 

first experiment, the ADT protocol was modified to step between 1.0 and 1.4 V for 10000 

cycles in N2 atmosphere (Figure 3-8 a). This way we only probe the influence of the high 

(oxidative) potential on the degradation and exclude the repetitive oxidation - reduction 

cycles of the Pt surface. The results are shown in Figure 3-8 a, where we find nearly no 

degradation after the adjusted ADT (1.0 – 1.4 V) procedure. Hence, the extensive loss of 

ORR activity of titania supported Pt must be caused by the continuous reduction / oxidation 

of the titania support surface and is not mainly due to the oxidative high potential (1.4 V) 

treatment.  

A similar observation was reported by Marcu et al.[53], who show a more pronounced 

degradation (square wave cycling) of, e.g., the ECSA, when applying low potential limits 

(0.6 - 1.4 V) instead of higher ones (1.0 – 1.4 V).  

This result would fit to the overgrowth mechanism, as the latter is driven by reductive 

reaction conditions.[234;235] It also means that for these titania supported catalysts reductive 

conditions, corresponding to very high ORR overpotentials, can be at least equally 

deteriorating as high oxidative potentials (potential inversion) at the cathode. For the 

appraisal of degradation tests of oxide supported Pt catalysts by ADT procedures this 

means that the lower potential limit is highly relevant as well, since this can severely affect 

the overall degradation of the catalyst. 

In another experiment we modified the ADT procedure by performing it in O2 saturated 

rather than in N2 saturated electrolyte, hence, under more oxidizing conditions (potential 

steps etc. were kept as before) (Figure 3-8 b-e). Obviously, the oxidizing atmosphere during 

the ADT procedure has no significant effect for the Pt/C and Pt/CNT catalysts, while for the 
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titania supported ones (Pt/TiO2 and Pt/TiO2@CNT catalysts) we find a clear difference 

between both procedures. For these catalysts, the degradation of the ORR activity 

(geometric current density) is significantly less during the ADT in O2 saturated electrolyte 

than in the N2 saturated electrolyte. Hence, these results underline the strong influence of 

reductive conditions on the degradation of the ORR activity of titania supported Pt catalysts, 

which was concluded from the last experiment 

 

Figure 3-7:  Regeneration measurement (ORR) for a) Pt/C, b) Pt/CNT, c) Pt/TiO2@CNT and 

d) Pt/TiO2: 10000 cycles ADT in O2 sat. electrolyte (0.5 M H2SO4, 10 mV s-1, 1600 

rpm), followed by reduction treatment (30 min at 0 V in H2 sat. electrolyte). 
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Figure 3-8:  Comparison of the ORR degradation upon 10000 cycles of the ADT. a) Pt/TiO2 before 

and after the ADT in N2 saturated electrolyte with different potential windows (0.4 – 

1.4 V (black) and 1.0 – 1.4 V (red)). b – e) ORR before and after ADT in N2 saturated 

electrolyte (black) and in O2 saturated electrolyte (red), b) Pt/C, c) Pt/CNT, d) 

Pt/TiO2@CNT and e) Pt/TiO2 (ORR: O2 saturated 0.5 M H2SO4, 10 mV s-1, 1600 rpm). 

Finally, we tested the activity of the Pt/CNT and the Pt/TiO2@CNT catalysts in the HOR 

before and after the ADT treatment (SI: Figure 3-13). The HOR already shows a major 

difference comparing both catalysts before the stability test. For the Pt/CNT catalyst, the 

(mass transport limited) HOR current decreases at potentials higher than 0.8 V, which was 

attributed to the oxidation of the Pt surface at >0.8 V and the resulting inhibition of the 

HOR.[236;237] For the Pt/TiO2@CNT catalyst, this decline is much less pronounced, indicating 

less efficient oxidation of the Pt surface. This result fully agrees with the less pronounced 
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Pt oxidation / reduction features in the BCVs of the latter catalysts (Figure 3-3). This 

discrepancy becomes even more obvious after the ADTs (0.4 – 1.4 V, in N2), where the 

HOR current decline at > 0.8 V is even more pronounced for the Pt/CNT catalyst, while the 

Pt/TiO2@CNT catalyst does not show any decline of the HOR in this potential range. 

Obviously, the presence of the TiO2 support stabilizes the Pt surface against oxidation at 

potentials > 0.8 V, although the underlying reasons are not yet clear. 

Overall, these additional experiments could provide detailed information on the degradation 

behavior of TiO2 supported catalysts in the ORR, although the origin for their pronounced 

degradation under start-stop conditions, including also excursions to rather reductive 

potentials, is not yet clear. Further work is required for a better understanding of the 

microscopic details of these processes. Nevertheless, the present results already indicate 

that using corrosion resistant metal oxide supports for Pt cathode catalysts in PEMFC 

applications may result in a different catalyst degradation process, if the catalyst 

experiences both reductive and strongly oxidizing conditions, as it is the case under start-

stop conditions. We believe that the trends derived from these results hold true also for 

other Pt-based electrocatalysts containing titania, titania oxynitride and other metal oxides, 

where similar degradation processes can be expected.  

 Conclusions 

Aiming at Pt nanoparticle catalysts for application in polymer electrolyte membrane fuel cell 

(PEMFC) cathodes which are highly active and more corrosion resistant under realistic 

mobile applications than common Pt/C catalysts, we have prepared and investigated Pt 

catalysts supported on highly stable TiO2@CNT, nanostructured composite materials. 

Comparison of the resulting catalysts with commercially available Pt/C (E-Tek) as well as 

Pt/CNT and Pt/TiO2 catalysts leads to the following conclusions:  

1. All catalysts, except Pt/CNT, showed mean particle sizes of 2.3 to 3.1 nm, which were 

homogeneously distributed on the support. 

2. Electronic metal – support interactions lead to a shift of the Pt(4f) state to lower BEs of 

about 0.6 eV for Pt/TiO2 and Pt/TiO2@CNT relative to the Pt/C catalyst.  

3. Support effects were observed also for the electrooxidation of preadsorbed COad, where 

the Pt/TiO2 catalyst showed a shift to lower potentials by about 100 mV compared to the 

Pt/C catalyst. For the Pt particles on the composite material a similar shift of the COad 

oxidation potential was not observed, although based on the XPS results the Pt 

nanoparticles were located on the titania. Obviously, the thin titania layers on carbon 

show a different support effect than bulk titania. 

4. The ADT stability test simulating start-stop conditions showed pronounced effects on 

the Pt loading (due to Pt dissolution), on the electrochemically active Pt surface area, 
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and on the ORR activity. Pt dissolution is most pronounced on Pt/C, less on Pt/CNT and 

least on the titania supported catalysts. For the ECSA, Pt/C and Pt/TiO2 showed high 

losses after 10000 cycles, while the Pt/CNT and Pt/TiO2@CNT catalysts were more 

stable. Considering the ORR activities, using the geometric current densities, the Pt/C 

and Pt/CNT catalysts showed the highest activities after 10000 cycles (lowest 

degradation), while the loss of activity was by far stronger for the TiO2 supported 

catalysts (almost complete loss of activity). 

5. Additional measurements performed to clarify the discrepancy between loss of ECSA 

and loss in ORR activity revealed that the reductive processes and reductive conditions 

in the ADT are mainly responsible for the degradation. A tentative explanation by 

overgrowth of the Pt particles by reduced TiOx could not be confirmed, but is also not 

ruled out so far. 

Overall, this study demonstrates that replacement of the corrosion sensitive carbon support 

by more corrosion stable oxide supports can lead to other degradation processes, at least 

under start-stop conditions, which are equally destructive for the catalyst stability. This has 

to be considered in future strategies for improving the degradation stability of cathode 

catalysts in PEMFCs for the highly dynamic operation in mobile applications. 
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Figure 3-9:  Large scale overview TEM images. 
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Figure 3-10:  XRD results of the TiO2@CNT and TiO2 support materials. 

 

 

Figure 3-11:  XPS of Pt/TiO2 before and after 10000 cycles of the ADT. 
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Figure 3-12:  HR-TEM measurements (300 kV) of Pt/CNT and Pt/TiO2@CNT before and after 

10000 cycles of the ADT. 

 

Figure 3-13:  HOR measurements on the Pt/CNT and Pt/TiO2@CNT catalyst electrodes before and 

after 10000 cycles of the ADT performed via RDE in H2 saturated 0.5 M H2SO4, 

(10 mV s-1, 1600 rpm). 
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4 Spherical core-shell titanium (oxy)nitride@nitrided carbon 

composites as catalysts for the oxygen reduction 

reaction: Synthesis and electrocatalytic performance 

The content of this chapter was published in reference [238] and is reprinted and adjusted 

with permission from ChemElectroChem 2016, 3, 1641-1654 (10.1002/celc.201600246). 

Copyright ©2016 John Wiley and Sons. The experimental section was removed and the 

information added to the experimental part in chapter 2 of this work. Furthermore, the 

content and structure were adjusted to the style and layout of this work by adapting the 

numbering of the sections, the references, the figures and the spelling. 

Chapter 4 originates from a collaboration with M. Wassner and Prof. N. Hüsing (Chemistry 

and Physics of Materials, University of Salzburg), were the synthesis of the catalysts and 

parts of the physical characterization were performed and evaluated by M. Wassner. TEM 

imaging and the evaluation of the XPS results were performed by myself, as were the 

electrochemical and -catalytical characterization of the catalysts. Additionally, I wrote the 

introduction, the discussion of the XPS results and the electrochemical / -catalytical parts 

(4.3.2 and 4.3.3).  

Furthermore, Dr. T. Diemant (Institute of Surface Chemistry and Catalysis, Ulm University) 

performed the XPS measurements of the catalysts and M. Lang (Institute of Analytical and 

Bioanalytical Chemistry, Ulm University) the CHN analysis. G. Tippelt and M. Suljic (both at 

University of Salzburg) contributed with the XRD and the N2 sorption measurement, 

respectively. Finally, A. Minkow (Institute of Micro and Nanomaterials, Ulm University) 

performed the XRD measurements of the film electrodes. 

This work was supported by the Deutsche Forschungsgemeinschaft (DFG) via ERA-

Chemistry [BE 1201/20-1] and by the FWF Austrian Science Fund [I 1259–N28]. 

 Abstract 

Aiming at the development of highly active and stable platinum-free catalysts for the ORR 

in polymer electrolyte fuel cells (PEFCs) we explored the potential of a new composite 

material, where a core-shell structure should result in a combination of a high ORR activity 

and improved electric conductivity. TiOxNy@CnNm composite nanoparticles were prepared 

by covering uniform carbon spheres of about 300 nm size, synthesized by hydrothermal 

reaction of glucose; with a homogeneous titania shell via sol-gel processing. The core-shell 

particles were then subjected to nitriding in ammonia vapor at different temperatures (550 

– 1150°C). The influence of the nitriding temperature on the structure and phase 

composition of the resulting composite particles was evaluated by a variety of techniques, 

including electron microscopy (SEM, TEM), XRD, XPS, elemental analysis, TG analysis 
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and N2 sorption measurements, the electrochemical properties and the ORR performance 

of the materials were determined in RRDE measurements. Trends in the evolution of 

structural / chemical properties and electrochemical / electrocatalytic properties as well as 

correlations between them are discussed, an optimized mesoporosity of the titanium 

(oxy)nitride shell was identified as key criterion for the catalysts ORR performance. 

 Introduction 

Platinum based nanoparticle catalysts are currently the most active catalysts in polymer 

electrolyte fuel cells (PEFCs), both for the HOR at the anode[239] and the ORR at the 

cathode[240]. However, they also constitute a major problem in current PEFC technology, 

since Pt is a rare and expensive material and furthermore not fully stable against corrosion 

under PEFC operating conditions, it thus plays a critical role for the durability of PEFCs.[42;48] 

In the long term it would be desirable to find alternative, noble metal-free, inexpensive and 

stable catalysts, especially for the ORR. Several groups already reported other active 

materials, like the iron-based catalysts by the group around Dodelet[241] and metal 

complexes with macromolecular ligands.[242;243] Nevertheless, these materials still suffer 

from considerably lower activities than Pt and insufficient stability.[244] Carbon based 

materials, mainly doped with different metals or non-metals, were found to exhibit a 

significant activity for the ORR.[35;47;245-247] Especially nitrogen-doped carbon has been 

shown to be highly promising in that respect.[35;47] On the other hand, carbon is known to 

degrade to a significant extent under fuel cell operating conditions.[248] Transition metal 

oxides, such as Ta2O5, TiO2, ZrO2, etc., constitute another group of materials which was 

found to be active for ORR catalysis, some due to doping,[129;131-133] others without.[124-126] 

Metal oxides are especially interesting, since they are stable in acidic and oxidizing 

environments. The main disadvantage of using metal oxides is their poor electrical 

conductivity, which is necessary for electrocatalytic applications in order to maintain 

potential control at the active sites.[127-129;129] An increase in the electrical conductivity leads 

to an increase in the number of active sites taking part in the reaction and thus of the 

available active surface of the catalyst, which enhances the activity for electrocatalytic 

reactions. Doping with different agents can help to increase the electric conductivity by 

lowering the band gap of the metal oxide semiconductor.[130]  

The ORR activity of these doped materials was demonstrated by Chisaka et al. for hafnium 

oxynitride.[249] They reported that N-doped hafnium oxynitride nanocrystals supported by 

Vulcan XC-72 exhibit a higher ORR activity and selectivity for the 4-electron reduction of 

molecular oxygen to water compared to the non-doped metal oxide. The active sites were 

postulated to be oxygen defects in the HfOx particles, although for boosting the ORR activity 

and selectivity N-doping was necessary.[134] The same authors recently presented a system 

of titanium oxynitride nanoparticles supported on carbon, which displayed a rather high 
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selectivity and stability, and also a promisingly high ORR activity, though it is still 

significantly lower than the performance of Pt-based catalysts.[133;135] 

In the present study we aim at a somewhat different strategy, namely combining titanium 

(oxy)nitrides and nitrided carbon in form of a core-shell system, with a carbon core to 

increase the electric conductivity and a titanium (oxy)nitride shell. In that case, the titanium 

(oxy)nitride was considered also to protect the nitrided carbon core against electrochemical 

corrosion under reaction conditions. The advantage of using nitrided titanium oxide instead 

of, for example, hafnium oxide, is its low cost and wide availability, which is critical for a 

later commercialization of fuel cell catalysts on an industrial scale.  

Several preparative approaches based on sol-gel processing, atomic-layer deposition 

(ALD), or infiltration followed by pyrolysis, have been published, yielding titania / carbon 

composites to use as ORR catalysts. Variations in the carbon source range from carbon 

nanotubes, active carbon, carbon black, graphene, graphene oxide, graphene quantum 

dots to nanocarbons and carbon nitrides.[107;250-254] 

Titanium nitride (nano)particles supported on carbon nanotubes,[143-146] graphene,[147] 

graphene oxide,[146] N-doped graphene[255] and carbon black[148] were reported as functional 

ORR catalyst composites. The deposition of titania particles on carbon nanotubes and 

graphene was achieved by sol-gel processing, followed by nitriding with ammonia.[144;145;255] 

Direct formation of titanium nitride (nano)particles was achieved via a modified urea glass 

route, by impregnation of carbon nanotubes and graphene oxide with a Ti-urea complex,[146] 

or by using a mpg-C3N4/CB or mpg-C3N4/CNT template (mpg = mesoporous graphite-like), 

respectively, loaded with a Ti-precursor.[143;148] In both synthesis routes subsequent heat 

treatment resulted in the formation of titanium nitride (nano)particles on the carbon support 

material.[146] A single step synthesis to yield titanium nitride nanoparticles with a carbon 

inclusion was realized by hydrolysis of TiCl4 with NaN3 in supercritical benzene as solvent 

and carbon source.[147]  

To the best of our knowledge there are only few reports[144;145;255] on titanium 

(oxy)nitride@nitrided carbon composites formed by simultaneous nitriding, which 

furthermore result in a homogeneous shell of the (oxy)nitride. This was aimed at in the 

present study, by treating a titanium oxide@carbon core-shell precursor system with 

ammonia vapor. We will demonstrate that heat treatment and nitriding temperature have a 

significant influence on the crystallinity and porous structure as well as the chemical 

composition of the resulting core-shell composite particles. Particularly interesting is the 

development of mesoporosity in the titanium (oxy)nitride shell resulting upon nitriding, as it 

facilitates access to the carbon core, both during synthesis and during the electrocatalytic 

reaction. Furthermore, this has the potential to significantly increase the accessible surface 

area of the active shell material. 
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In the following we will first present results of the physical characterization of the resulting 

core-shell systems (section 4.3.1). This will start with the carbon spheres used as core 

component, followed by the titania@carbon composite spheres (TiO2@C) and finally the 

titanium (oxy)nitride@nitrided carbon composite spheres (TiOxNy@CnNm) resulting after 

nitriding at different temperatures. This will be followed by the electrochemical 

characterization of the different TiO2@C and TiOxNy@CnNm composite materials by cyclic 

voltammetry in both acidic and alkaline electrolyte (section 4.3.2). Next, we will evaluate the 

performance of these materials in the ORR, evaluating both the activity and selectivity for 

the 4-electron reduction of O2 to water under enforced transport conditions by RRDE 

measurements (section 4.3.3). Finally, we will discuss possible correlations between the 

measured ORR activity and the structure and porosity of the titania (oxy)nitride@nitrided 

carbon composites. 

 Results and discussion 

Following the sequence of the synthesis route, we will first discuss C spheres, next TiO2@C 

and finally the TiOxNy@CnNm spheres (Figure 4-1). Surface morphology, crystallinity, 

mesoporosity of the TiO2 or TiOxNy shell and microporosity of the C core as well as the 

elemental composition of the C, TiO2@C and TiOxNy@CnNm spheres were found to undergo 

distinct changes upon variation of the nitriding and carbonization temperatures, 

respectively, which will be discussed in detail. 

 

Figure 4-1:  Synthesis overview. 

4.3.1 Materials synthesis and physical characterization 

4.3.1.1 Carbon spheres (C) 

The C spheres are formed by hydrothermal treatment of glucose. The formation mechanism 

is a complex multi-step reaction, which is described in detail elsewhere.[256-258] The chemical 

nature of the C spheres is characterized by a highly aromatic hydrophobic core comprising 

oxygen-containing moieties (ether, quinone, pyrone, etc.), and a hydrophilic shell with 

oxygen-based functional groups (hydroxyl, carbonyl, ester, etc.).[256;259;260] 

Since these particles will later on serve as supports for titanium oxides and (oxy)nitrides, 
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Figure 4-2: SEM images of a) C-RT, b) C-550, c) C-850 and d) C-1150 carbon spheres. 

 

Figure 4-3:  TEM images of carbon spheres: a) C-850, b) TiO2@C-850 and c) TiON@CN-850. 

which are prepared at higher temperatures, their thermal stability was investigated by 

heating to 550°C, 700°C, 850°C, 1000°C and 1150°C in argon atmosphere. For all 

temperatures, the C particles retain their well-defined spherical shape with a smooth 

surface, as seen in the SEM and TEM images in Figure 4-2 and Figure 4-3. Upon heating, 

the average diameter decreases continuously from about 300 nm for C-RT to 200 nm for 

C-1150. TGA in argon atmosphere shows that the major mass loss occurs at temperatures 

below 550°C (36.5 wt.% are lost for the sample treated at 550°C), then levels off to values 

of 43.8 wt.% for the sample treated at 700°C, and a residual mass of 52.5 wt.% is obtained 

after treatment at 1150°C. Carbonization of the C spheres goes along with a thermal 

decomposition and the evolution of CO, CO2 and H2O (from oxygenated functional groups) 
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and CH4 (from methine and methylene groups),[156;257] thus changing the carbon-to-oxygen 

and carbon-to-hydrogen ratios to increasing fractions of carbon. In agreement with TGA, 

elemental analysis shows that the most distinct compositional changes occur for heating 

untreated C spheres to 550°C. For higher carbonization temperatures (C-850 – C-1150) the 

elemental composition remains more or less constant with a composition of 94 wt.% carbon, 

0.4 wt.% hydrogen and 5.6 wt.% oxygen: C1H0.06O0.04 (SI: Table 4-3). The loss of oxygen, 

hydrogen and carbon atoms as well as the anisotropic thermal expansion of the graphenic 

materials results in the concomitant formation of a carbon micropore system, which is 

clearly indicated in the nitrogen sorption analyses. N2 sorption can give very detailed 

information on specific surface areas and the presence as well as size ranges of micro- and 

mesopores. Because in this manuscript the focus will be on the micro- as well as 

mesoporous character of the samples (vide infra), the adsorption of carbon dioxide as a 

typical method to investigate the ultra-microporous character of carbon samples has not 

been applied. The N2 sorption isotherms (SI: Figure 4-17) of heat-treated C spheres (C-550 

– C-1150) show a type I behavior, indicating the presence of micropores. The specific 

surface areas increase significantly with higher carbonization temperatures, from 527 m2 g-1 

(C-550) to 1934 m2 g-1 (C-1150) with a micropore surface area percentage of >97.5% as 

obtained from t-plot analysis (SI: Figure 4-18). Thermally untreated C spheres lack 

micropores, which results in a low specific surface area of 11 m2 g-1. 

4.3.1.2 Titania@carbon composite spheres (TiO2@C) 

Sol-gel processing of titanium alkoxides to yield a TiO2 shell (25 wt.%) on the C spheres 

(75 wt.%) in a colloidal solution of water and ethanol makes use of the hydroxyl group-rich 

surface of the C spheres, which provides nucleation sites for hydrolysis and condensation 

of the titanium alkoxide precursors, resulting in the formation of a uniform shell. As a result 

of the sol-gel reaction, an amorphous TiO2 layer is formed, which is crystallized by heat 

treatment in an argon atmosphere (550°C to 1150°C). As reference material, pure, carbon-

free TiO2 was synthesized and heat-treated under identical conditions. 

The XRD patterns of the TiO2@C spheres and of the reference TiO2 samples are shown in 

Figure 4-4 and in the SI, Figure 4-19. For both sets of experiments, the TiO2 phase is 

identified as phase-pure anatase up to 700°C, and rutile starts to appear at 850°C. There 

is, however, a distinct difference in the ratio of anatase to rutile between the two samples. 

In agreement with the literature, for the as-synthesized pure TiO2, anatase and rutile coexist 

only up to 850°C, and higher temperatures result in a complete transformation to rutile 

concomitant with a significant crystallite size growth (SI: Table 4-4).[162;261] The titania shell 

in the TiO2@C spheres still consists mainly of anatase after annealing up to 1150°C, 

coexisting with rutile. The crystallite size of anatase (4-43 nm) and rutile (35-53 nm) is 

noticeably smaller for the TiO2@C spheres (Table 4-1) compared to the reference TiO2 
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sample (SI, Table 4-4).[262-264] A similar suppression of the anatase to rutile transformation 

(ART) and inhibition of crystallite growth has been reported already earlier for carbon-

coated titania (C@TiO2) composites[162;265-268] as well as for titania particles on activated 

carbon, exfoliated graphite or C3N4 (TiO2@C) composites.[267;269-271] 

 
Figure 4-4:  X-ray diffraction patterns of TiO2@C spheres (550°C – 1150°C). 

The TEM and SEM images (Figures 4-3 and 4-5) clearly illustrate that the TiO2@C spheres 

are similarly well-defined as the pure C spheres. TiO2 forms an apparently homogeneous 

shell with a granular fine structure, which completely covers the carbon core. From the 

increase in diameter from the pure C spheres to the titania covered ones (SEM evaluation), 

a shell thickness of about 70 nm can be estimated. Heat treatment up to 700°C has no 

noticeable effect on the morphology or surface structure of the TiO2@C spheres. An 

increase of the temperature to 850°C and higher results in the formation of additional, most 

likely crystalline, TiO2 polyhedra on the shell that are most pronounced for the 

 



 
 
 

Spherical core-shell titanium (oxy)nitride@nitrided carbon composites as catalysts for the oxygen 
reduction reaction: Synthesis and electrocatalytic performance 

78 

 

Figure 4-5:  SEM images of titania@carbon spheres: a) TiO2@C-RT, b) TiO2@C-550, c) TiO2@C-

700, d) TiO2@C-850, e) TiO2@C-1000 and f) TiO2@C-1150. 

TiO2@C-1000 sample. For TiO2@C-850 and -1150 they are partly embedded within an 

underlying TiO2 shell. In combination with the XRD results, with rutile first appearing at 

850°C, it seems reasonable that these polyhedra consist of rutile, while the shell, which is 

in closer contact to the carbon core, still consists of anatase due to the suppression of the 

ART transformation by carbon, as discussed above. 

As a general trend, we find from the N2 sorption isotherms (Figures 4-6 and 4-18, Table 4-1) 

that the specific surface area increases with increasing temperature from 140 m2 g-1 

(TiO2@C-RT) up to 520 m2 g-1 (TiO2@C-1150). Per se, the adsorption isotherms do not 

distinguish between carbon core and titania shell, and therefore we expect to see 

contributions from both of them. Consistent with previous results for pure carbon spheres, 

the micropore surface area increases from 218 to 431 m2 g-1 for samples treated at higher 
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temperatures and becomes the dominant contribution to the specific surface area. For the 

as-prepared sample (not exposed to higher temperatures) (TiO2@C-RT), the contribution 

of the pores to the surface area does not arise from micropores, but from the mesoporous 

titania shell. The nitrogen sorption isotherms show a type IV character with a change from 

a H3 type hysteresis for the sample TiO2@C-RT to a H4 one, indicating not only the 

formation of micropores with higher temperature, but also the presence of slit-like 

mesopores within the TiO2 shell. At high p/p0 values the isotherm shows a further increase 

of the surface area, which is related to macropores formed by the interstices between 

agglomerated TiO2@C spheres. The mesopores are presumably only located in the titania 

shell. This indicates already that they give access to the microporous carbon core, which 

will have consequences for the subsequent nitriding step and the electrochemical 

characteristics / electrocatalytic behavior (vide infra).  

 

Figure 4-6:  N2 sorption–desorption isotherms of titania@carbon spheres. 

In our synthesis protocol we aimed at a TiO2@C sphere composition of 1 g C to 0.35 g TiO2 

(74.1 wt.% : 25.9 wt.%). The resulting value for the TiO2@C-RT sample is 1 g C to 0.36 g 

TiO2 (73.4 wt.% : 26.6 wt.%), demonstrating that the chosen synthesis allows a very precise 

shell design. Thermal and elemental analysis show that with increasing temperature (550 – 

1150°C) the mass decreases due to degradation of the carbon core and therefore the titania 

to carbon ratio increases (Table 4-1). The elemental composition and the residual mass of 

  



 
 
 

Spherical core-shell titanium (oxy)nitride@nitrided carbon composites as catalysts for the oxygen 
reduction reaction: Synthesis and electrocatalytic performance 

80 

  Table 4-1: XRD, N2 sorption and elemental analysis of differently calcined TiO2@C composite 

spheres (c=crystallite). 

TiO2@C XRD N2 sorption 
 

anatase rutile 
SSA 

/ m2 g-1 

MSA 

/ m2 g-1 
wt.% c.size 

/ nm 

wt.% c.size 

/ nm 

-RT 
    

140 0 

-550 100 4.2 0 - 329 218 

-700 100 4.7 0 - 344 229 

-850 78 27.4 22 41.2 336 277 

-1000 58 43.1 42 54.8 473 328 

-1150 27 38.8 73 37.8 520 431 

       

TiO2@C Elemental analysis (CHN, TGA) 

 Composite composition Core composition 

 TiO2 

/ wt.% 

Core 

/ wt.% 

C 

/ wt.% 

O 

/ wt.% 

H 

/ wt.% 

mr 

/ % 

-RT 26.6 73.4 65.1 30.5 4.4 100 

-550 39.8 60.2 89.6 7.9 2.5 63.6 

-700 40.4 59.6 90.8 7.9 1.3 56.4 

-850 46.7 53.3 96.2 3.2 0.6 53.4 

-1000 54.5 45.5 96.6 3.0 0.4 48.7 

-1150 58.3 41.7 96.7 2.9 0.2 48.4 

similarly treated carbon cores and pure carbon spheres agree very well; thus, the 

carbonization process is apparently not affected by the TiO2 shell (Table 4-1). This matches 

with the findings from nitrogen sorption analysis that the presence of the TiO2 shell has little 

to no influence on the micropore formation in the C core. 

Nitriding of TiO2@C spheres is realized by annealing in ammonia atmosphere at different 

temperatures (550 – 1150°C). Ammonia is thermodynamically unstable at temperatures 

higher than 185°C (atmospheric pressure) and decomposes to molecular nitrogen and 

hydrogen; however, it is kinetically stable well above its thermodynamic stability limit. In 

addition, nitriding is kinetically hindered at temperatures below 550°C.[272] Accordingly, the 

nitriding is assumed to first involve reduction of TiO2 to Ti2O3 by reaction with molecular 

hydrogen, followed by reduction of Ti2O3 to TiN and TiO according to: 𝑇𝑖2𝑂3 +  (1 +  𝑥)𝑁𝐻3 →  𝑥(𝑇𝑖𝑁)ss +  (1 –  𝑥)(𝑇𝑖𝑂)ss + (1 + 2𝑥)𝐻2𝑂 Eq. 4-1 
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TiOxNy or its derivatives TiO1-xNx are solid solutions (index: ss) of cubic TiN (a = 4.238 Å, 

JCPDS) and TiO (a = 4.175 Å, JCPDS).[273-275] At nitriding temperatures below 750°C the 

formation of TiN and TiO is negligible, and only N-doping of titania occurs; at temperatures 

above 750°C cubic TiN and TiO are formed in significant amounts. In agreement, the XRD 

patterns of TiON@CN-550 and TiON@CN-700 (Figures 4-7 and 4-20) only exhibit 

reflections typical of anatase. A phase transition to TiO / TiN occurs for reaction 

temperatures of 850°C and higher. A comparison of the patterns of TiON@CN-850 to 

TiON@CN-1150 with reference patterns of TiO and TiN shows an increasing nitriding with 

higher temperatures (Table 4-2).  

 

Figure 4-7:  X-ray diffraction patterns of TiOxNy@CnNm spheres (550°C – 1150°C). 
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Figure 4-8: SEM images of titanium (oxy)nitride@nitrided carbon spheres: a) TiON@CN-550, 

b) TiON@CN-700, c) TiON@CN-850, d) TiON@CN-1000, e) TiON@CN-1150. 

Concomitant with the formation of TiOxNy and an increasing degree of nitriding, the TiN 

crystallites increase from 9 nm (TiON@CN-850) to 27 nm (TiON@CN-1150) (Table 4-2). 

Pure TiO2 P25 (rutile / anatase) was nitrided as reference for comparison to the 

TiOxNy@CnNm spheres (not shown). The XRD patterns of the resulting product are in good 

agreement with those of the TiOxNy@CnNm spheres, indicating that the carbon core does 

not influence the nitriding of the TiO2 shell. Further proof of the nitriding of the carbon core 

is obtained from FTIR spectroscopy, which for, e.g., TiON@CN-850, showed two broad 

bands with maxima at 1570 cm-1 and 1250 cm-1 that can be associated with both C=N and 

C-N, respectively. 

The resulting TiOxNy@CnNm composites are also well-defined spheres (Figure 4-8) with 

TiOxNy forming a continuous and homogeneous shell around the nitrided carbon core. For 
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lower synthesis temperatures up to 700°C the shell is characterized by a granular fine 

structure. The granular fine structure becomes most distinct for TiON@CN-850 with the 

formation of TiN and TiO. At this temperature, the segregation into the two phases results 

in the formation of a granular, mesoporous TiOxNy shell. The TiOxNy shell of TiON@CN-850 

consists of small grains of about 9-10 nm (determined by TEM imaging), matching the 

crystallite size obtained from XRD measurements. The grains are loosely interconnected, 

which results in the formation of interparticle pores, as it is clearly seen in the TEM image 

at the outer edge of the composite spheres (Figure 4-3). The shell of the TiON@CN-1000 

and TiON@CN-1150 spheres is more compact, probably due to sintering of the grains, 

which in turn results in a lower degree of mesoporosity. The latter finding is clearly 

supported by the nitrogen sorption measurements (see Figure 4-9 and Figure 4-18). 

 
Figure 4-9:  N2 sorption isotherms of titanium (oxy)nitride@nitrided carbon spheres. 

For the evaluation of the nitrogen sorption data we assume that micropores are only located 

within the nitrided carbon core, thus the micropore surface area equals the accessible 

specific surface area of the CnNm core for nitrogen and mesopores are only associated with 

the TiOxNy shell. All isotherms (Figure 4-9 and 4-18) clearly indicate the presence of 

micropores. The changes of the titania-based shell upon increasing nitriding temperature 

are also reflected in the nitrogen sorption measurements. The TiON@CN-550 to 

TiON@CN-850 samples show a type IV isotherm with a H3-hysteresis, which agrees with 

the presence of slit-shaped mesopores within the N-doped TiO2 and TiOxNy shell, 
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respectively. The position of the hysteresis of the TiON@CN-850 material is shifted to 

higher relative pressures p/p0 compared to that of the TiON@CN-550 and TiON@CN-700 

spheres, indicating that the mesopores have grown to larger diameters. Consistent with a 

higher degree of mesoporosity, the TiOxNy shell is more permeable and the accessibility of 

the carbon core is increased, which results in a further increase of the micropore surface 

area of the CnNm core for TiON@CN-850 with 415 m² g-1 (SSA: 496 m² g-1) (Table 4-2). 

Going to higher nitriding temperatures (TiON@CN-1000 and TiON@CN-1150), the 

hysteresis diminishes. Hence, due to the sintering there are no more mesopores present in 

the TiOxNy shell. In agreement with this finding, the micropore area of the CnNm core 

decreases due to the lower accessibility of the core for nitrogen.  

For comparison, we exposed pure TiO2 (P25-TiO2) also consisting of spherical particles to 

the same nitriding procedure. Similar to findings for the TiO2@C composites, we find that 

the nitrogen mass percentage increases significantly with higher temperatures (850°C to 

1150°C), indicating increasing nitriding of TiO2 to TiOxNy. For lower temperatures (up to 

700°C), P25-TiO2 is N-doped (N: 0.4 wt.%), whereas the TiOxNy@CnNm composites have 

nitrogen mass percentages up to 6.7 wt.% without explicit TiOxNy formation. XRD 

measurements show no differences in the nitriding behavior of the TiO2@C and P25 

samples, therefore this larger amount of nitrogen is a strong indication of the formation of 

CnNm within the carbon core (Table 4-2). This proves that the mesoporous TiO2 shell of the 

TiO2@C composites is sufficiently permeable for an effective nitriding of the carbon core 

with ammonia. The mass loss of the carbon core within the temperature series is more 

pronounced for TiOxNy@CnNm compared to TiO2@C composites because, aside from the 

carbonization process, an etching process takes place due to the presence of H2 from the 

decomposition of NH3 (gasification of carbon to CH4, (CN)2 and HCN), which occurs side 

by side with the nitriding to CnNm. With increasing nitriding temperature, the relative 

contribution of the core to the overall mass of the spheres is lowered to about half 

(TiON@CN-550: 61.4 wt.%, TiON@CN-1150: 30.7 wt.%), leading to a relative increase of 

the TiOxNy mass. 

XPS measurements of the N(1s) and Ti(2p) spectral regions, which were performed to gain 

more information on the electronic state of the nitrogen atoms and their environment, are 

presented in Figure 4-10 and Figure 4-11, respectively. Starting at a nitriding temperature 

of 550°C, we detect two peaks at 398.7 and 400.3 eV in the N(1s) peaks (Figure 4-10), 

which can be assigned to hydrated oxygen species on the surface (N-O-H)[276] and Ti-O-N 

groups,[135] respectively. Apparently, nitrogen-doping of the surface starts already at 500°C. 

A less intense third peak at 402.1 eV is related to NH4
+ groups on the surface.[129] At 700°C, 

two additional peaks evolve at 397.5 and 396.3 eV, where the first peak is attributed to 
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Figure 4-10:  XPS detail spectra of the N(1s) region of a) TiON@CN-550, b) TiON@CN-700, 

c) TiON@CN-850, d) TiON@CN-1000, e) TiON@CN-1150. 

TiN[135] and the second one was assigned by Milošev et al.[276] to a surface layer of oxidized 

TiN. The intensity of the TiN signal increases continuously with higher nitriding temperature 

(850 to 1150°C), while the surface oxide signal at 396.3 eV decreases.  

The Ti(2p) signal of the nitrided composite materials (Figure 4-11) shows two peaks at 458.7 

and 464.5 eV for TiON@CN-550 and TiON@CN-700, which are assigned to the 2p3/2 and 

2p1/2 signals of the O-Ti-O species in TiO2.[135;276] Starting at a nitriding temperature of 

850°C, additional peaks evolve at lower binding energy, representing N-Ti-O (456.8 / 

462.6 eV)[135;276] and N-Ti-N (455.6 / 461.3 eV)[135;276] groups in the surface region. Again, 
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the intensity of the N-Ti-N signal increases with higher nitriding temperature, in accordance 

with the behavior of the N(1s) signal of TiN. 

In total, the XPS data indicate that nitrogen-doping of the surface starts already at 550°C, 

nitriding of the surface to TiN was found for nitriding temperatures >850°C, confirming our 

conclusions from the XRD measurements (Figure 4-7). Even after nitriding at these high 

temperatures, however, the peaks at 458.7 / 464.5 dominate the spectra, indicating that 

also under these conditions the surface mainly consists of TiO2 species. We tentatively 

explain this by TiN oxidation during sample transport in air.  

 
Figure 4-11:  XPS detail spectra of the Ti(2p) region of of a) TiON@CN-550, b) TiON@CN-700, 

c) TiON@CN-850, d) TiON@CN-1000, e) TiON@CN-1150. 
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Table 4-2: XRD, N2 sorption and elemental analysis of TiOxNy@CnNm composite spheres and the 

TiOxNy reference materials nitrided at different temperatures, (A=anatase, c=crystallite).  

TiOxNy@CnNm Elemental analysis (CHN, TGA) 
 

TiN TiO 

/ wt.% crystallite size  

/ nm 

/ wt.% crystallite size 

/ nm 

-550 A 3.7 A 3.7 

-700 A 4.3 A 4.3 

-850 19.9 9.2 80.1 10.8 

-1000 62.9 17.6 37.1 18.8 

-1150 89.1 27.3 10.9 - 

  

TiOxNy@CnNm XRD 
 

TiON  

/ wt.% 

Core  

/ wt.% 

N  

/ wt.% 

TiOxNy N 

/ wt.% 

-550 A 3.7 A 
 

 

-700 38.6 61.4 5.2 -550 0.1 

-850 46.5 53.5 6.7 -700 0.4 

-1000 49.2 50.8 11.3 -850 17.7 

-1150 62.8 37.2 14.5 -1000 19.6 

 

4.3.2 Electrochemical characterization  

The electrochemical properties of the TiO2@C and TiOxNy@CnNm composites and the pure 

carbon spheres (C spheres) were characterized in N2 saturated acidic electrolyte (0.5 M 

H2SO4) in the potential range from 0.06 to 1.2 V and in alkaline electrolyte (0.1 M KOH) in 

the potential window from -0.4 to 1.2 V for comparison with the ORR activity measurements. 

As discussed later, the latter show a distinct feature at potentials below 0 V (‘two plateau 

system’). The currents measured in the CV (see SI, Figures 4-21 and 4-22) originate from 

double layer charging and can be qualitatively correlated to the electrochemical accessible 

surface area of the catalysts. Although differences in the film thickness and morphology of 

the catalyst films will affect the electrochemically accessible surface area, and thus prohibit 

a quantitative comparison of the current densities, trends can clearly be derived from these 

data. In accordance with the N2 sorption measurements (Tables 4-1, 4-2 and 4-3 (SI)) we 

find low current densities for the materials calcined / nitrided at 500 and 700°C in both 

electrolytes, which increase when going to 850°C calcination / nitriding temperature. A 
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further increase in calcination / nitriding temperature reverts this trend. This is especially 

interesting for carbon spheres, since their microporous surface area increases with 

increasing calcination temperature (see SI, Table 4-3 and Figure 4-18). Therefore, we 

conclude that the microporous surface area measured by N2 sorption is only partly 

accessible for the electrochemical surface processes and does not or only partly contribute 

to double layer charging. The TiOxNy@CnNm catalysts show a more severe decrease of the 

current densities for nitriding temperatures above 850°C than the non-nitrided materials, 

which we correlate with the pronounced mesoporous nature of the titanium (oxy)nitride layer 

of this sample, which gives best access to the carbon core of this catalyst. Closing the 

mesopores of the titanium (oxy)nitride layer upon annealing at 1000 and 1150°C decreases 

the access to the carbon core, leading to the decreasing current densities in the CVs in 

acidic and alkaline electrolyte.  

4.3.3 Catalytic ORR activity 

The catalytic activity of the catalyst materials was characterized by measuring the ORR 

using the RRDE setup in O2 saturated electrolytes. To exclude effects of the double layer 

charging currents and other surface processes not related to the ORR, the reaction currents 

presented in Figures 4-12 and 4-13 were calculated by subtracting the currents of the CV 

measurements in N2 saturated electrolyte (see SI, Figures 4-21 and 4-22) from the 

measured ORR currents. 

In a simple picture, assuming similar active surface area-normalized activities, we would 

expect the highest ORR activity for the catalyst with the highest electrochemically 

accessible surface area. Following this assumption, the catalyst TiON@CN-850 should 

present the highest ORR currents in acidic media.  

The ORR measurements in Figures 4-13 and 4-14 depict the current densities at the 

working electrode (disc) (a) and of the ring (b), as well as the corresponding H2O2-yield of 

the ORR (c). Figure 4-12 shows the results obtained for TiOxNy@CnNm catalyst electrodes 

in 0.5 M H2SO4 for all calcination temperatures. Similar measurements of TiO2@C-850 and 

the pure carbon C-850 spheres are included for comparison, as well (the full temperature 

series is shown in the SI: Figures 4-23 and 4-27). Obviously, the onset potential in the 

positive scan of the ORR changes to higher potentials with increasing nitriding temperature 

and thus with growing nitrogen content and specific surface area. C spheres, TiO2@C as 

well as TiON@CN-550 and TiON@CN-700 (Figure 4-12 a and SI: Figures 4-23 and 4-24) 

show a low activity towards the ORR with an onset potential of about 0.4 V and below. For 

the two TiOxNy@CnNm catalysts we attribute this to an insufficient nitriding at these 

temperatures (Table 4-2). For TiON@CN-850, in contrast, the onset is significantly up-

shifted to about 0.8 V (Figure 4-12 a). For the activity contribution of the TiOxNy shell, we 
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Figure 4-12:  ORR-measurements: ORR currents (a) ring currents (b), H2O2-yield (c) of 

TiOxNy@CnNm nitrided at all measured temperatures and the results of C-850, as well 

as of TiO2@C-850, O2 saturated 0.5 M H2SO4, 1600 rpm, 10 mV s-1. 

tentatively attribute the much higher activity to the formation of the TiN and TiO phases 

upon nitriding at 850°C, which has not yet occurred at the lower temperatures (Figure 4-7). 

The further increase of the nitriding temperature to 1000 and 1150°C causes the potential 

scans to down-shift again, which we mainly attribute to loss of the high porosity of the 

titanium (oxy)nitride layer and the resulting hindered access to the nitrided carbon core, 

which we expect to be ORR active as well. As shown before, higher nitriding temperatures 
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result in a lower number of mesopores, which reduces the surface area of the TiOxNy shell 

on the one hand and decreases the access to the active nitrided carbon core on the other 

hand. Both of these are supposed to lead to a diminished ORR activity. 

A separation of the ORR activity contributions of the nitrided carbon core and the titanium 

(oxy)nitride shell, which would require a physical separation of the core and the shell, is 

hardly possible. Likewise, the separate nitriding of titania and the bare carbon core cannot 

be compared to the nitriding of composite material, because the different accessibility of the 

carbon core in the calcination and nitriding processes will have a pronounced influence on 

the nitriding process itself.  

The overall ORR current densities correlate with the double layer charging current densities 

in N2 saturated electrolyte and therefore with the electrochemically active surface area. This, 

in turn, was found for the same treatment as the maximum specific surface area, both with 

a maximum for the TiON@CN-850 sample. On the other hand, it should be noted that none 

of these catalysts reaches the diffusion-limited current, apparently Ohmic losses in these 

catalyst layers are still too pronounced compared to carbon-supported Pt-based 

catalysts.[179] 

Another important aspect when discussing the ORR activity is the peroxide yield. This is 

insofar a critical factor since high peroxide yields lead to degradation and corrosion of both 

catalyst support and membrane.[277;278] Therefore, low peroxide yields are a must. As visible 

in Figure 4-12 c, the highest H2O2-yield is obtained for the carbon spheres (40% at 0.4 V), 

while the composite catalysts show lower peroxide yields around 20-40%. This trend fits 

previous observations that nitrided titania is quite active for reducing peroxide to 

water.[129;279] The most active TiON@CN-850 catalyst is closer to the upper boundary, while 

the composite spheres nitrided at higher temperatures are closer to the lower level. This 

may tentatively be explained by the hindered access to the carbon core with its high 

tendency for H2O2 formation. On the other hand, nitrided carbon spheres also showed 

peroxide yields of below 20%. For all samples, however, the peroxide yields are about one 

magnitude higher than those obtained for Pt-based catalysts, which show values below 2% 

at 0.3 V and even much lower values at more typical potentials around 0.8 V.[179] Hence, 

despite the promising results, both activity and selectivity for the 4-electron pathway still 

need considerable improvement before these can reach levels competitive with the 

performance of Pt-based ORR catalysts. 

In O2 saturated 0.1 M KOH, the electrocatalytic behavior of these composite materials 

changes drastically (Figure 4-13). Overall, both based on the onset potentials and on the 

maximum current densities, the catalysts are more active in alkaline than in acidic 

electrolyte (Figure 4-12 a). Interestingly, there is no big difference between the pure carbon 
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Figure 4-13:  ORR-measurements: ORR currents (a) ring currents (b), H2O2-yield (c) of 

TiOxNy@CnNm nitrided at all measured temperatures and the results of C-850, as well 

as of TiO2@C-850, O2 saturated 0.1 M KOH, 1600 rpm, 10 mV s-1. 

spheres, titania@carbon and titanium (oxy)nitride@nitrided carbon, although the onset of 

TiON@CN-850 is again highest with a potential of 0.9 V. It is followed by the catalyst treated 

at 1000°C, with an onset at 0.85 V, and then closely followed by the other composite and 

reference materials. Different from the ORR in acidic electrolyte with its steady increase of 

the current density to more cathodic potentials, we find a two-plateau-like current response 
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for most catalysts. This is particularly pronounced for the TiO2@C-850 catalyst. The first 

plateau ranges approximately from 0.6 to 0.4 V, followed by the second plateau below 

0.0 V. The current density in the latter one is approximately double of that in the first one.  

The difference between the two separate areas becomes more obvious when inspecting 

the peroxide formation and peroxide yield (Figure 4-13 c). Here, the two potential regions 

differ considerably. For most catalysts, the peroxide yield is distinctly higher in the range of 

the first plateau, between 0.6 and 0.4 V, and lower in the second plateaus, indicating a 

change of the ORR selectivity towards reduction to water at lower potentials. Only the 

TiON@CN-550 catalyst shows a higher peroxide yield in the potential range of the first 

plateau. For most of the catalysts, peroxide yields of more than 30% were obtained at 0.4 V, 

ranging up to 50%. Interestingly, for the most active TiON@CN-850 catalyst, the peroxide 

yield is considerably lower, at about 10% at this potential. In the potential range of the 

second plateau, the peroxide yields decrease considerably to values below 10%. Only the 

C-850 and the TiON@CN-1150 catalyst remain at about 20% selectivity in this potential 

regime. This change of the dominant reaction pathway from a 2-electron process to a 4-

electron process, reducing oxygen directly to water, is very different than the behavior of 

the composite catalysts in acidic electrolyte, but resembles findings reported in the 

literature.[152;280-283] Similar two-plateau systems with a change in the selectivity were 

reported by Gong et al.[152] for nitrogen-doped carbon nanotube arrays and by Liu et al.[282] 

for phosphorus-doped graphite layers.  

Overall, we found a decrease of the peroxide yield with increasing nitrogen content of the 

composite material. However, for practical applications these peroxide yields are far too 

high and need considerable improvement. This is particularly true when considering that 

the higher potentials, in the range of the first plateau and above, are much more relevant 

for practical applications. On the other hand, the data also demonstrates the potential of 

these catalysts for operation in alkaline electrolyte, considering that the most active 

TiON@CN-850 catalyst is much more active than in acid electrolyte, by about a factor of 4 

at 0.6 V, and nevertheless the peroxide yield is only around 10% at this potential.  

Comparing the measurements in alkaline and acidic electrolyte, distinct differences in the 

ORR activities are visible. In acidic electrolyte, nitriding of the material is necessary to 

drastically improve the ORR activity, leading to the high activity in acidic electrolyte obtained 

in this study. For reaction in alkaline electrolyte, in contrast, the composite materials seem 

to be reasonably active even without the need for additional active sites caused by the 

nitriding. Nevertheless, also in this case nitriding of the materials leads to a significant 

improvement of the ORR performance, in this case by lowering the peroxide yield.  

The ORR activities obtained for the nitrided composite materials in this work closely 

resemble those reported for differently synthesized catalysts based on titanium (oxy)nitride 
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nanoparticles.[133;135;139;148;284] The ORR onset on TiON@CN-850 in acidic electrolyte (at 

about 0.8 V) is similar to that shown by these groups for catalysts nitrided at temperatures 

around 850°C. The current densities (normalized to the geometric surface) obtained for our 

catalysts are higher than those reported for most other titanium (oxy)nitride particles on 

carbon.[129;133;135] Recently, Chisaka et al.[284] reported composite materials based on a TiN 

core and a TiOxNy shell with slightly higher current densities than obtained for our catalysts. 

This supports our approach of increasing the activity by using highly structured composite 

materials based on titania (oxy)nitride, even though the activity and selectivity of Pt 

catalysts[179] and some other Pt-free catalysts[38] cannot be reached yet. 

In order to separate changes in the inherent (BET surface area normalized) ORR activity 

from changes induced by the different surface areas, we plot the ORR activities of the 

nitrided composite materials at 0.2 V and 0.5 V normalized to the SSA in Figure 4-14. For 

the SSA-normalized ORR current densities at 0.2 and 0.5 V in acidic electrolyte, we find a 

maximum of the current densities at 1000°C and 850°C, respectively, followed by a 

decrease at higher temperature. This can be explained by the increasing nitriding at higher 

nitriding temperature, which is expected to improve the inherent (SSA-normalized) activity, 

for nitriding temperatures up to 850°C. For nitriding temperatures above 1000°C, where the 

SSA-normalized activity decreases again, we tentatively attribute the loss in activity to two 

effects: the loss of mesoporosity in the titania (oxy)nitride shell, which hinders access to the 

core, and the increasing formation of micropores in the nitrided carbon core, which, 

however, are little accessible to the electrochemical reaction. Hence, they cause the specific 

surface area to further increase without improving the electrochemically accessible surface 

area. Apparently, these effects are dominant and overcompensate improvements in the 

SSA-normalized activity. 

For the ORR in alkaline electrolyte, this trend, at 0.2 and 0.5 V (Figure 4-14), is somewhat 

different in that on samples exposed to nitriding at high temperature the ORR activity 

continues to increase. We tentatively explain this by a dominant effect of the increasing 

nitriding of shell and electrode, which seems to overcompensate the effects mentioned for 

reaction in acidic electrolyte on these samples. 

Finally, for both cases it should be kept in mind that N-doped carbon is well-known to be 

ORR active.[35;47] Therefore, the overall ORR activity of the nitrided composite materials 

consists of the superposition of both ORR activities, that of the titanium (oxy)nitride shell 

and that of the nitrided carbon core. As stated before, a separation of these contributions is 

hardly possible. The fact that we observe the maximum in ORR activity in the acidic 

electrolyte for TiON@CN-850, which results also in the maximum shell porosity points to a 

significant contribution of the nitrided core. Going to higher nitriding temperature, to 1000°C 

and 1150°C, leads to a sintering of the titanium (oxy)nitride shell, thus closing the 
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mesopores and thereby decreasing the accessibility of the nitrided carbon core, which 

agrees with the observation of a decreasing ORR activity. On the other hand, also the 

surface area of the mesoporous shell decreases, which would also result in a lowering of 

the ORR activity if it is dominated by the shell. This illustrates the problems in clearly 

identifying the contributions from the nitride shell and core to the overall ORR activity, and 

the need for further work to resolve this issue, which is crucial for the further improvement 

of these materials. 

 
Figure 4-14:  ORR current densities normalized on the SSA (BET) at 0.2 and 0.5 V for differently 

nitrided TiOxNy@CnNm in acidic and alkaline electrolyte. 

     

Figure 4-15:  ORR activity of TiON@CN-850 before (initial) and after (10000 cycles) of the ADT 

stability test, O2 saturated 0.5 M H2SO4, 1600 rpm, 10 mV s-1. 
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Figure 4-16:  TEM images of TiON@CN-850 before (a, initial) and after (b, 10000 cycles) of the ADT 

degradation test. 

In addition to the ORR activity, the stability of the TiON@CN-850 catalyst was evaluated 

applying an ADT, simulating start / stop cycles by stepping the potential from 0.4 to 1.4 V 

and back with a hold time of 1 s at each potential in acidic, N2 saturated electrolyte. The 

results are shown in Figure 4-15, comparing the initial ORR activity with the one after 10000 

cycles. The ORR activity loss after 10000 cycles is visible regarding the ORR onset and the 

overall current densities. The onset shifts from about 0.8 to 0.6 V. Additional XRD 

measurements performed before and after the stability test show a loss of a weak reflection 

at ca. 36.7°, which is due to TiN and TiO. This fully agrees with TEM measurements 

(Figure 4-16) performed after 10000 cycles which show a loss of the titania (oxy)nitride 

shells from the carbon core, possibly into the electrolyte. This loss of titania (oxy)nitride 

shells would at least be a significant contribution to the observed decrease in ORR activity. 

Hence, for practical applications also the stability of the compound titania 

(oxy)nitride@nitrided carbon catalysts under extreme potential conditions needs further 

improvement, in addition to the ORR activity. 

 Conclusions 

Aiming at the development of highly active and stable platinum-free catalysts for the ORR 

in polymer electrolyte fuel cells (PEFCs), we synthesized and characterized a new 

composite material, where a core-shell structure should result in a combination of a high 

ORR activity and improved electric conductivity. Core-shell titanium (oxy)nitride@nitrided 

carbon composite nanoparticles were synthesized by hydrothermal reaction of glucose and 

subsequent deposition of a titanium oxide via a sol-gel process in a first step, followed by 

nitriding with ammonia vapor at different temperatures (550°C – 1150°C). Characterization 

of their structural and chemical properties as well as phase composition on the one side 
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and of their electrochemical properties / ORR performance on the other side led to the 

following conclusions: 

1. The hydrothermal synthesis results in well-defined carbon particles of 300 nm in 

diameter with a smooth surface. Calcination at higher temperatures result in larger 

carbon to oxygen / hydrogen ratios and increased microporosity as well as a shrinkage 

of the C sphere diameter from 300 nm for C-RT to 200 nm for C-1150. 

2. TiO2@C spheres are uniformly shaped and covered by a continuous and 

homogeneous titania shell around the carbon core. Up to 700°C, the titania shell has a 

granular fine structure, is mesoporous and phase-pure anatase. For higher calcination 

temperatures, the mesoporosity decreases due to sintering and phase transition 

processes and rutile polyhedra are formed on top of an underlying anatase shell. In 

these samples, anatase and rutile coexist up to 1150°C. Carbonization and 

decomposition of the carbon core leads to higher titania to carbon ratios, while the 

presence of the TiO2 shell has little to no influence on the carbonization process and 

the micropore formation of the C core. 

3. The TiOxNy@CnNm spheres resulting after nitriding also exhibit a continuous and 

homogeneous titanium (oxy)nitride shell around a nitrided carbon core. Nitriding of the 

carbon core starts at 550°C. For nitriding temperatures up to 700°C, the titania shell 

consists of N-doped anatase with a mesoporous, grainy structure. Nitriding at 850°C 

results in a phase transition to TiOxNy, which involves segregation into coexisting TiO 

and TiN phases with a more distinct granular shell structure and a pronounced 

mesoporosity. This increases the permeability of the TiOxNy shell, while for higher 

temperatures (1000 – 1150°C) the shell becomes more compact (lower mesoporosity), 

which in turn lowers the accessibility to the core.  

4. The nitriding was found to drastically improve the ORR activity. For reaction in acidic 

electrolyte, the onset potential shifts up to 0.8 V for the most active TiON@CN-850 

catalyst. The ORR activity did not increase with the higher N contents obtained at 

nitriding temperatures of more than 850°C because of the decreasing mesoporosity of 

the titanium (oxy)nitride layer.  

In alkaline electrolyte, the onset potentials are generally higher and the ORR exhibits 

a two-plateau behavior, which is accompanied by a change in the selectivity for 

complete reduction to H2O, changing from a predominant 2-electron reduction process 

in the first plateau (0.6 – 0.4 V) to a 4-electron mechanism for potentials below 0 V. In 

the potential range of the first plateau, the H2O2-yields are generally higher than in 

acidic electrolyte, while at potentials <0 V this is mostly opposite. For the most active 

TiON@CN-850 catalyst, however, the H2O2-yield is about or below 10% also in the 

range of the first plateau and above. 
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Overall, this work has demonstrated the feasibility of the synthesis strategy developed for 

these ORR catalysts. Further work will focus on further optimization of the most promising 

TiON@CN-850 catalyst in terms of activity, selectivity and stability. 

 Supporting information 

4.5.1 Calculation of the elemental composition of TiO2@C spheres 

Quantitative analysis of each element or compound is performed by the combination of 

thermogravimetric and CHN elemental analysis of TiO2@C spheres: The TiO2 mass 

percentage equals the residual mass of the thermogravimetric analysis, because the C core 

is totally combusted and the titania mass is constant up to 1150°C. The mass percentage 

of carbon and hydrogen is given by CHN elemental analysis allowing to calculate the oxygen 

mass percentage. The residual masses of the TiO2@C spheres at the individual synthesis 

temperature are extracted from thermogravimetric analysis of TiO2@C-RT allowing the 

calculation of the individual residual mass of the C core at the given reaction temperatures.  

4.5.2 Calculation of the elemental composition of TiOxNy@CnNm spheres 

Quantitative analysis of each element or compound by the combination of 

thermogravimetric and CHN elemental analysis as performed for the TiO2@C composite 

spheres is limited for the TiOxNy@CnNm spheres. Both analysis methods are based on the 

combustion of the sample under oxygen atmosphere: TiOxNy is oxidized to TiO2 leading to 

an increase of mass and therefore to a falsification of the results. Correction calculations 

taking into account the composition of TiOxNy given by Rietveld refinement and the resulting 

increase of mass for the oxidation to TiO2 allow the determination of the TiOxNy and CnNm 

core mass percentage by TGA. The mass percentage of carbon, hydrogen and nitrogen is 

given by CHN elemental analysis, a separation of nitrogen incorporated in N-doped TiO2, 

TiOxNy or CnNm core is not possible. 
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4.5.3 Supporting figures and tables 

 
Figure 4-17:  N2 sorption–desorption isotherms of differently annealed carbon spheres. 

 
Figure 4-18:  N2 sorption: Specific surface area compared to micropore surface area for carbon 

spheres, titania@carbon spheres and titanium (oxy)nitride@nitrided carbon spheres. 
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Figure 4-19:  X-ray diffraction patterns of reference TiO2 (550°C – 1150°C). 
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Figure 4-20:  X-ray diffraction patterns of TiOxNy@CnNm spheres (550°C – 1150°C). 
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Figure 4-21:  Cyclic voltammograms of a) C spheres, b) TiO2@C, c) TiOxNy@CnNm calcined / 

nitrided at different temperatures, N2 saturated 0.5 M H2SO4, 10 mV s-1. 
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Figure 4-22:  Cyclic voltammograms of a) C spheres, b) TiO2@C, c) TiOxNy@CnNm calcined / 

nitrided at different temperatures, N2 saturated 0.1 M KOH, 10 mV s-1. 
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Figure 4-23:  ORR-measurements: ORR currents (a) ring currents (b), H2O2-yield (c) of C spheres 

calcined at different temperatures, O2 saturated 0.5 M H2SO4, 1600 rpm, 10 mV s-1. 
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Figure 4-24:  ORR-measurements: ORR currents (a) ring currents (b), H2O2-yield (c) of TiO2@C 

spheres calcined at different temperatures, O2 saturated 0.5 M H2SO4, 1600 rpm, 10 

mV s-1.  
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Figure 4-25:  ORR-measurements: ORR currents (a) ring currents (b), H2O2-yield (c) of C spheres 

calcined at different temperatures, O2 saturated 0.1 M KOH, 1600 rpm, 10 mV s-1.  



 
 
 

Spherical core-shell titanium (oxy)nitride@nitrided carbon composites as catalysts for the oxygen 
reduction reaction: Synthesis and electrocatalytic performance 

106 

 

Figure 4-26:  ORR-measurements: ORR currents (a) ring currents (b), H2O2-yield (c) of TiO2@C 

spheres calcined at different temperatures, O2 saturated 0.1 M KOH, 1600 rpm, 

10 mV s-1.  
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 Figure 4-27:  XRD diffractograms of the TiON@CN-850 catalyst film recorded before and after 

10000 cycles of the ADT degradation procedure. 

 Table 4-3:     N2 sorption and elemental analysis of differently calcined carbon spheres. 

Sample N2 sorption CHN elemental analysis TGA 

 SSA 
/ m² g-1 

MSA 
/ m² g-1 

C 
/ wt.% 

O 
/ wt.% 

H 
/ wt.% 

mr 
/ % 

C-RT 11 0 63.6 31.7 4.7 100 

C-550 527 514 84.3 13.9 1.8 63.5 

C-700 600 585 90.6 8.4 1.0 56.2 

C-850 757 741 92.9 6.4 0.6 53.7 

C-1000 1372 1343 94.0 5.6 0.4 52.9 

C-1150 1934 1897 94.0 5.6 0.4 52.5 
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  Table 4-4: XRD data for the TiO2 reference calcined at different temperatures (c = crystallite). 

TiO2 anatase rutile 
 

wt.% c. size / nm wt.% c. size / nm 

-RT     

-550 100 6.3 0 - 

-700 100 22.2 0 - 

-850 30 80.1 70 126.2 

-1000 0 - 100 170.9 

-1150 0 - 100 185.1 
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5 Synthesis and electrocatalytic performance of spherical 

core-shell tantalum (oxy)nitride@nitrided carbon 

composites in the oxygen reduction reaction 

The content of the fifth chapter was published in reference [285] and is reprinted and 

adapted with permission from Electrochim. Acta 2017, 227, 367-381 

(10.1016/j.electacta.2016.12.145). Copyright ©2016 Elsevier Ltd. The experimental section 

was removed and the information added to the experimental part in chapter 2 of this work. 

Furthermore, the content and structure were adjusted to the style and layout of this work by 

adapting the numbering of the sections, the references, the figures and the spelling. 

This chapter 5 results from a collaboration with M. Wassner and Prof. N. Hüsing (Chemistry 

and Physics of Materials, University of Salzburg). M. Wassner performed the synthesis of 

the catalysts and main parts of the physical characterization. I recorded the TEM images, 

evaluated the XPS data and carried out the entire electrochemical and -catalytical 

characterization of the catalysts. The introduction and the discussion of the XPS results 

were written by myself, and furthermore, I accomplished and wrote the 

electrochemical / -catalytical characterization (5.3.2 - 5.3.5). 

G. R. Bourreta (University of Salzburg) contributed the EDX mapping with the help of Dr. P. 

Wachsmuth (JEOL Inc.). Dr. T. Diemant (Institute of Surface Chemistry and Catalysis, Ulm 

University) performed the XPS measurements of the catalysts and M. Lang (Institute of 

Analytical and Bioanalytical Chemistry, Ulm University) the CHN analysis. G. Tippelt and 

M. Suljic (both at University of Salzburg) contributed with the XRD and the N2 sorption 

measurement, respectively. A. Minkow (Institute of Micro and Nanomaterials, Ulm 

University) performed the SEM measurements of the film electrodes.  

This work was supported by the Deutsche Forschungsgemeinschaft (DFG) via ERA-

Chemistry [BE 1201/20-1] and by the FWF Austrian Science Fund [I 1259–N28]. 

 Abstract 

As part of an ongoing effort to develop novel, highly active and stable Pt-free catalysts for 

the ORR, we here report the synthesis, structural characteristics and electrochemical / 

electrocatalytic properties of novel core-shell composite materials, consisting of a spherical 

nitrided carbon core and a tantalum (oxy)nitride shell. The (nitrided) carbon core is 

supposed to improve the electrical conductivity of the material and the (oxy)nitride shell is 

intended to protect the core against electrochemical corrosion. Spherical core-shell 

TaOxNy@CmNn composite particles were synthesized by sol-gel deposition of tantalum 

oxide on preformed carbon spheres, which were prepared by hydrothermal carbonization 

of glucose and subsequent nitriding in ammonia vapor at different temperatures (700°C – 
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1150°C). The influence of the nitriding temperature on the structure and phase composition 

of the resulting composite particles was evaluated, employing a variety of techniques, 

including electron microscopy (SEM, TEM), XRD, XPS, elemental analysis, TGA, IR 

spectroscopy and N2 sorption measurements, and correlated with changes in the 

electrochemical / electrocatalytic behavior. These core-shell composite materials show a 

significantly improved ORR activity compared to pure tantalum (oxy)nitrides, in particular 

upon nitriding at 1000°C, while the selectivity for the 4-electron pathway to H2O still requires 

improvement. The physical origin of the high activity of these materials and contributions 

from different phases are discussed. 

 Introduction 

The commercial success of polymer electrolyte membrane fuel cells (PEMFCs) for direct 

conversion of chemical into electrical energy will sensitively depend on the further progress 

in cost reduction and, closely related to that, in enhancing their durability under operating 

conditions. Among the main factors are the catalysts, which are commonly based on 

platinum and platinum alloys, both on the anode and on the cathode.[42;48;240;286] Therefore, 

in the long run, alternative catalysts based on noble metal-free, less expensive and stable 

materials are highly desirable, in particular for the oxygen reduction reaction at the cathode. 

A variety of alternative ORR catalysts have been proposed by several groups, including 

transition metal complexes with porphyrin-type ligands,[242;243] iron-based catalysts 

containing iron cations coordinated by pyridinic-nitrogen (p-N) in graphitic sheets,[241] or 

carbon-based materials doped with different metals or non-metals.[35;47;245-247] In particular, 

nitrogen-doped carbon was found to be highly promising in that respect.[35;47] Various 

transition metal oxides, such as Ta2O5, TiO2, ZrO2, etc., were also found to be active 

towards the ORR,[124-126] as well as their nitrided counterparts.[129;131-133] None of these 

materials, however, reaches the activity of the Pt-based catalysts. Furthermore, the carbon-

based or carbon supported catalysts suffer from their sensitivity to corrosive degradation 

under operating conditions,[248] while the activity of the metal oxide based materials, which 

are mostly stable in both acidic and oxidizing environments, is limited by their generally poor 

electrical conductivity.[127-129] An increase of the electric conductivity is possible by nitriding 

of metal oxides, which can lead to a decreased band gap of the metal oxide 

semiconductors.[130] 

As part of an ongoing effort to develop novel, highly active and stable Pt-free ORR catalyst 

materials,[55;129;238] we report here the synthesis, structural characteristics and 

electrochemical / electrocatalytic properties of novel core-shell composite materials, 

consisting of a spherical nitrided carbon core and a tantalum (oxy)nitride shell. Metal 

(oxy)nitrides, and in particular tantalum (oxy)nitrides, have been reported earlier to be active 

ORR catalysts and to be stable in acidic environment.[128;136;141;142] Similarly, nitrided carbon 
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was also reported to exhibit a significant ORR activity.[35;47;139] The nitrided carbon cores are 

supposed to increase the electrical conductivity of the material. On the other hand, the metal 

(oxy)nitride shells are expected to protect the nitrided carbon cores against electrochemical 

corrosion under reaction conditions. Based on the results of a recent study, where we 

investigated the synthesis and electrochemical / -catalytic properties of similar type core-

shell particles with a titania (oxy)nitride shell,[238] the shell is expected to be mesoporous, 

allowing transport of O2 also to the nitrided carbon core. Compared to the titania based 

analogue, tantalum (oxy)nitrides are rather complex, since they may include a variety of 

crystal phases with different ORR characteristics.[136;137] 

Before presenting and discussing the results of our study, we will briefly summarize 

previous findings relevant for this work. Ishihara et al.[136] presented TaO0.92N1.05 as an ORR 

active phase and later attributed the activity to a Ta3N5-like TaOxNy structure with some 

surface defects.[128] This work already demonstrates the complexity of determining the 

active sites in such systems with numerous different phases, phase boundaries and surface 

compositions. The addition of carbon makes the overall catalytic system even more 

complex, as shown by Ishihara et al.[132], who stated that the oxidation of a TaCN precursor 

leads to increased ORR activities. Later, Ohgi et al.[137] and Ishihara et al.[138] attributed the 

ORR activity to the oxygen-vacancy defects of the Ta2O5 resulting from the oxidation of the 

TaC/TaCN precursors and the formation of electrical conduction pathways introduced by 

the carbon which are necessary for an efficient ORR activity. Furthermore, the oxidized 

Ta3N5 phase was also discussed as being ORR active.[139] Theoretical studies claim that 

this activity is based on O-substituted Ta3N5 surfaces, which lead to additional states located 

between conduction and valence band and allow O2 adsorption.[140] These authors stated 

that those states weaken the O-O-bond, thereby enhancing the ORR activity. Overall, the 

previous results indicate that the ORR activity of tantalum (oxy)nitride systems is not a result 

of a single active phase, but is rather due to the presence of various types of defects. 

The main difference between our materials and the ones of Ota et al. is that we use 

composite materials based on a combination of a highly structured nitrided carbon core and 

a tantalum (oxy)nitride shell, while most previous studies either used modified tantalum 

oxide / (oxy)nitride based compounds which are supported on carbon[132;137;138] or sputtered 

TaOxNy films.[128;141;287] Recently, also carbon nanotubes were used as support.[139;288]  

In the following, we present results of the synthesis and physical characterization of the 

resulting catalyst materials (section 5.3.1). The results of the electrochemical 

characterization, both in acid and base electrolyte, will follow in section 5.3.2. In section 

5.3.3 we will focus on the performance of these materials in the ORR and compare this with 

the ORR performance of related materials. Next, we tested their stability under operating 

condition, evaluating the loss of ORR activity during simulated start-stop cycles, followed 
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by a discussion of the active phase(s) of the materials. Finally, the main conclusions derived 

from this work are summarized in section 5.4. 

 Results and discussion 

5.3.1 Synthesis of uniform core-shell structures 

For the synthesis of TaOxNy@CmNn core-shell composites, approaches used to create 

hollow tantalum oxide nanoparticles have been modified. Tantalum oxide can be formed by 

sol-gel[16;289-291] or layer-by-layer[292] processes on colloidal carbonaceous sacrificial 

template cores, such as polysaccharides based carbon spheres, (functionalized) 

polystyrene spheres and vesicles, followed by subsequent removal of the template via 

calcination in air or via selective etching. These tantalum oxide shells are typically 

amorphous and mesoporous and thus permeable, providing access to the inner part. In this 

work, we used hydrothermal carbonization of glucose, which results in carbon spheres that 

can be colloidally dissolved.[238;293] Sol-gel processing of tantalum alkoxides yields an 

amorphous Ta2O5 shell (41.75 wt.%) on these carbon spheres (58.25 wt.%), making use of 

their hydroxyl group rich, hydrophilic surface that provides ideal nucleation sites for the 

condensation of the tantalum alcoholate precursor (Figure 5-1). 

 

Figure 5-1:  Schematic presentation of the synthesis procedure. 
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5.3.1.1 Tantalum oxide (Ta2O5) 

The most common and stable tantalum oxide is Ta2O5 (oxidation state +5), however, there 

are several polymorphs discussed in the literature, such as low temperature L-Ta2O5 and 

high temperature H-Ta2O5 phases[294-296] Tantalum oxide has a wide band gap of 3.7 eV[297], 

a high dielectric constant of 25 - 50, a high refractive index of ~ 2.15, a high ionic conductivity 

of ~ 10-5 – 10-9 S cm-1, and a low leakage current of ~ 2x10-8 A cm-2  at 1 MV cm-1. It is 

biocompatible and offers good thermal and chemical stability.[298] A wide field of applications 

of tantalum oxide has been reported, including photocatalysis (water-splitting),[298-300] or its 

use in dielectric layers for storage capacitors in DRAMs (dynamic random-access 

memory).[301] Ta2O5 in various morphologies (nanorods, -tubes, -particles, etc.) is 

synthetically well accessible by sol-gel processing, solvothermal synthesis, template 

synthesis, chemical routes, chemical vapor deposition and anodization as recently reviewed 

by Naveenraj et al.[298]. Methods to produce tantalum oxide (thin) films include vacuum 

evaporation, sputtering, ion beam deposition, molecular beam epitaxy (physical deposition) 

and sol-gel processing, electroplating, anodic or thermal oxidation (chemical 

methods).[302;303] 

5.3.1.2 Tantalum (oxy)nitrides 

By substituting oxygen by nitrogen in the tantalum oxide lattice (nitriding), the refractive 

index and the density increase, whereas the band gap decreases.[304] Varying the N : O 

content for TaOxNy allows a fine tuning of these properties, with the band gap of TaON 

ranging from 1.9 to 2.5 eV[305] and the refractive index from ~1.9 to 2.3[306]. For comparison, 

Ta3N5 has a band gap of 2.1 eV.[307] Therefore, TaON and Ta3N5 are very attractive 

photocatalysts.[308] TaN is chemically inert, corrosion resistant and a hard ceramic and used 

as diffusion barriers.[309] The most common synthetic approach towards tantalum 

(oxy)nitride nanoparticles is the direct nitriding of tantalum or tantalum oxide (nano)particles 

with NH3 or N2 or the carbothermal reduction of tantalum oxides in the presence of NH3.  

Tantalum (oxy)nitrides show a diversity of stable and metastable phases. Schönberg et 

al.[310] reported the first tantalum oxynitrides synthesized by the oxidation of (δ, ε)-TaN, 

namely the four non-stoichiometric phases TaO0.10N0.90, TaO0.25N0.75, TaO0.35N0.65 and 

TaO0.50N0.50. The first stoichiometric tantalum oxynitride phases β-TaON and α-TaON 

formed by nitriding of Ta2O5 with high ammonia flow rates at temperatures of 800 – 900°C 

were described by Brauer et al.[311;312] as intermediates in the synthesis of Ta3N5. For lower 

ammonia flow rates γ-TaON is formed.[313] The β-TaON polymorph crystallizes in the 

monoclinic system and is iso-structural with baddeleyite (ZrO2), while for α-TaON first 

principles electronic structure calculations[314] showed that it is probably not existent. 

γ-TaON (TaO1.1N0.9, C-centered monoclinic) finally is a metastable polymorph of lower 

density than β-TaON.[315]  
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Figure 5-2:  X-ray diffraction patterns of the tantalum oxide covered carbon spheres after nitriding 

at different temperatures (TaON@CN (700 – 1150°C)). Squares, circles etc. indicate 

the phases related to the respective peaks (see topmost panel). 

Terao et al.[316] reported seven tantalum nitride phases synthesized by nitriding thin tantalum 

films in ammonia and nitrogen: TaN~0.5 (cubic, β-phase), Ta2N (hexagonal, γ-phase), δ-TaN 

(hexagonal), ε-TaN (hexagonal), Ta5N6 (hexagonal), Ta4N5 (tetragonal) and Ta3N5 

(tetragonal or monoclinic). Heating Ta3N5 in vacuum led to a successive phase 

transformation from higher to lower nitrides with decreasing N content: Ta3N5 → Ta4N5 → 

Ta5N6 → ε-TaN → Ta2N. Beside the two hexagonal δ-TaN and ε-TaN phases, a third fcc 

TaN phase is known.[317] Gaini et al.[318] reported the Ta2N3 phase, which crystallizes in a 

cubic Mn2O3-type ordered defect fluorite lattice. Beside Ta2N, further lower nitrides Ta4N 

and TaN0.1 were observed by Shin et al.[319] upon ultrahigh vacuum reactive magnetron 

sputtering of Ta in mixed Ar / N2 discharges. Stampfl et al.[320] investigated the relative 
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stability of several tantalum nitride phases by DFT based calculations, which indicated that 

Ta5N6, Ta2N and Ta3N5 are stable phases, whereas δ-TaN, ε-TaN and Ta4N5 are 

metastable. Despite the diversity of stable and metastable phases of these tantalum 

(oxy)nitrides, investigations regarding their application in ORR catalysis are mainly limited 

to TaON, Ta3N5 and TaN. In the present study Ta4N5 is considered for the first time. The 

Ta4N5 phase has a defective rocksalt structure and contains an ordered arrangement of Ta 

vacancies.[320] The varying stoichiometry of the tantalum nitrides goes along with changing 

properties, e.g., from Ta1.12N (metallic) to Ta0.90N (metallic) to Ta0.74N (barely metallic) to 

Ta0.66N (insulating). Ta4N5 (Ta0.8N) can be classified as (barely) metallic.[321] 

5.3.1.3 Synthesis of spherical core-shell tantalum (oxy)nitride@nitrided carbon 

composites 

The Ta2O5@C composite spheres that result from coating the carbon cores prepared in the 

first step are subjected to ammonia nitriding at different temperatures from 700°C to 1150°C 

as schematically shown in Figure 5-1. The XRD patterns prior to and after nitriding at 

different temperatures (700 to 1150°C) are shown in Figure 5-2. Additionally, the 

assignment of the reflections of TaON@CN-1000 and TaON@CN-1150 is illustrated in the 

supporting information (SI: Figures 5-15 and 5-16). The tantalum oxide shells of TaO@C-

RT (not shown) and TaON@CN-700 are composed of amorphous tantalum oxide, 

TaON@CN-700 is most likely N-doped. For reaction temperatures of 850°C and higher, 

crystalline phases start to evolve, such as TaON, Ta3N5, Ta4N5 and TaN. The shell of 

TaON@CN-850 to -1150 consists for each sample of at least two tantalum (oxy)nitride 

phases, and with progressing nitriding at higher reaction temperatures a phase transition 

from higher to lower tantalum nitrides takes place. (The classification of “higher and lower 

tantalum nitrides” is based on the N content decreasing from higher (e.g. Ta3N5 – TaN1.67) 

to lower nitrides (e.g., TaN)). 

The observed phase transitions are 

TaON/Ta3N5 
1000°𝐶→     Ta3N5/Ta4N5 

1150°𝐶→     Ta4N5/TaN  Eq. 5-1 

where the compositions were obtained from Rietveld refinement as TaON/Ta3N5: 63 wt.% 

to 37 wt.% (TaON@CN-850), Ta3N5/Ta4N5: 40 wt.% to 60 wt.% (TaON@CN-1000) and 

Ta4N5/TaN: 47.5 wt.% to 52.5 wt.% (TaON@CN-1150). The lower tantalum nitride phase 

has in each case a two to three times smaller crystallite size (5 – 10 nm) than the coexisting 

higher tantalum nitride or (oxy)nitride (9 – 27 nm). 

As expected from previous experiments with titania@carbon spheres,[238] nitride formation 

occurs simultaneously also in the carbon core at all temperatures investigated. This is 

indicated by EDX and FTIR spectroscopy measurements as exemplary shown for 

 



 
 
 

Synthesis and electrocatalytic performance of spherical core-shell tantalum (oxy)nitride@nitrided 
carbon composites in the oxygen reduction reaction 

116 

 
Figure 5-3:  Elemental mapping (STEM EDX) of TaON@CN-700: a) Overlay of Ta (green), N (blue) 

and C (red) elemental maps, b) tantalum elemental map, c) nitrogen elemental map 

and d) carbon elemental map. 

Table 5-1:  Phase composition as obtained from XRD and Rietveld analysis, specific surface         

areas (SSA) and micropore surface areas (MSA) from nitrogen sorption data, as well 

as shell and core mass percentages as obtained from thermogravimetric analysis.  

Sample Phasea) 
SSA 

/ m² g-1 

MSA 

/ m² g-1 

Shell mass 
percentage 

/ wt.% 

Core mass 
percentage 

/ wt.% 

TaO@C-RT amorphous 133 - 41.8 58.2 

TaON@CN-700 amorphous 235 180 61.0 39.0 

TaON@CN-850 TaON - 63 wt.% - 
9 nm 

Ta3N5 - 37 wt.% - 5 
nm 

298 233 64.0 36.0 

TaON@CN-1000 Ta3N5 - 40 wt.% - 
27 nm 

Ta4N5 - 60 wt.% - 
10 nm 

278 184 61.0 39.0 

TaON@CN-1150 Ta4N5 – 47.5 wt.% 
- 19 nm 

TaN – 52.5 wt.% - 
8 nm 

67 - 54.0 46.0 

   a) Phase - mass percentage - crystallite size 
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Figure 5-4:  SEM (a,b,c,d,e) and TEM (f,g,h,i,j) images of the TaON@CN spheres as well as the 

related particle size distributions 
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TaON@CN-700 (EDX, Figures 5-3 and 5-14 (SI)) and by the comparison of the FTIR 

spectra of TaON@CN-1000, CN-1000 (pure carbon spheres nitrided with ammonia under 

identical conditions as the composites) and C-1000 (pure carbon spheres treated at the 

same conditions without NH3) in Figure 5-17. Figure 5-3 a shows the overlay image of 

tantalum (green), nitrogen (blue) and carbon (red) of TaON@CN-700 as spectroscopically 

imaged. Figure 5-3 b-d show the projected distributions of tantalum, nitrogen, and carbon 

within the particles in separate images. A similar figure of the oxygen distribution is shown 

in Figure 5-14.  

These images not only clearly indicate that the carbon core is homogeneously coated by 

TaOxNy, but also confirm the simultaneous nitriding of both composite components. This is 

also supported by the FTIR spectra (Figure 5-17), for which the broad bands at 1550 cm-1, 

which can be associated to polycyclic aromatic carbons as well as to cyclic amines, CN-, 

NH-groups, are found in all three samples, while the broad band at 1225 cm-1, indicating the 

presence of cyclic amines, is only present for the nitrided samples (Figure 5-17). 

 

Figure 5-5:  Higher resolution SEM images of the surface of TaON@CN-1000 and TaON@CN-

1150, resolving the phase separated tantalum (oxy)nitride surface structures. 

In agreement with the EDX data, TEM and SEM images (Figure 5-3 and 5-4) clearly 

illustrate that the TaO@C-RT and TaON@CN spheres are structurally as well-defined as 

the pure carbon spheres. The tantalum oxide and TaOxNy shell is clearly visible in the TEM 

images as a shell of homogeneous thickness that completely covers the (nitrided) carbon 

core. The shell thickness decreases continuously from ~25 nm for TaO@C-RT to ~15 nm 

for TaON@CN-1150 (TEM evaluation) due to the phase transition to lower tantalum nitrides 

of higher density. The average diameter of the spheres is ~314 nm for TaO@C-RT, for the 

TaON@CN spheres the diameter lowers to 278 nm – 260 nm due to the mass loss and the 

concomitant shrinkage of the nitrided carbon core. For TaO@C-RT, the amorphous shell 

shows a typical granular fine structure made of small particles. Ammonia nitriding up to 

700°C has no noticeable effect on the morphology or surface structure of the TaON@CN 

spheres. With the phase transition of (N-doped) tantalum oxide at 850°C, however, the  
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Figure 5-6:  Results of the N2 sorption measurements of TaON@CN nitrided at different 

temperatures, a) isotherms, b) micropore and specific surface area. 

homogeneous shell transforms to a coarse structure on top of the carbon spheres. The 

following phase transitions at 1000°C and 1150°C lead to a shell morphology that is 

characterized by finer phase separated structures on top of and partly embedded within a 

lower shell (Figure 5-5). The combination of XRD and TEM / SEM measurements indicates 

that the shell of TaON@CN-1000 and -1150 consists of two tantalum nitride phases, which 

are separated into a homogeneous part covering the carbon sphere and a separated 

coarser network on top of it. Since the phase in contact with the carbon core has a more 

homogeneous character, which matches better the smaller crystallite size of the lower 

tantalum nitride, it is likely that it is composed of the Ta4N5 phase for TaON@CN-1000 and 

of TaN for TaON@CN-1150, respectively. This would be in perfect agreement with the 

results obtained from nitrogen sorption experiments (see discussion below). The nitrided 

carbon core is present for all samples; no hollow TaOxNy spheres have been detected. 

In our synthesis procedure we aimed at a Ta2O5@C sphere composition of 1 g C to 0.7 g 

Ta2O5 (core 58.8 wt.% : shell 41.2 wt.%). The value obtained for the TaO@C-RT sample is 

1 g C to 0.716 g Ta2O5 (core 58.25 wt.% : shell 41.75 wt.%), as shown in Table 5-1, 

demonstrating that the chosen synthesis route allows a very precise shell design 

(determination of shell and core mass percentages see supporting information). Upon 

nitriding at higher temperatures, the mass percentage of the nitrided carbon core of samples 

TaON@CN-700 to -1000 decreases to 36 wt.% - 39 wt.%. Carbonization of the carbon 

spheres goes along with a thermal decomposition and the evolution of CO, CO2 and H2O 

(from oxygenated functional groups) and of CH4 (from methine and methylene groups).[156] 

This major mass loss occurs at temperatures below 500°C, concomitant with a decrease of 

the diameter of the nitrided carbon core. TaON@CN-1150 has a slightly higher nitrided 
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carbon core mass percentage of 46 wt.% compared to the TaON@CN spheres that were 

prepared at lower temperatures. This lower weight loss is likely due to the formation of the 

dense TaN phase, which can seal the nitrided carbon core, thereby preventing the typically 

occurring etching processes of carbon by H2 originating from NH3 decomposition during the 

nitriding process (see below). 

N2 sorption can give very detailed information on specific surface areas and the presence 

as well as size ranges of micro- and mesopores. Similar to the results obtained for titania- 

and titania(oxy)nitride-decorated carbon spheres,[238] we assume that micropores are only 

located within the nitrided carbon core, and that the micropore surface area equals the 

specific surface area of the CmNn core accessible for nitrogen. Mesopores are only 

associated to the tantalum oxide or (oxy)nitride shell. The isotherms of TaO@C-RT to 

TaON@CN-1150 are given in Figure 5-6 a. The isotherms of TaON@CN-700 to 

TaON@CN-1000 clearly indicate the presence of micropores, with MSA from 180 to 

233 m² g-1 being the main contribution to the specific surface area ranging from 235 to 

298 m² g-1 (Figure 5-6 b), while for the as-prepared sample TaO@C-RT and for TaON@CN-

1150 no micropores are detected. For TaO@C-RT micropores are not developed yet due 

to the lack of thermal carbonization of the carbon core (SSA: 133 m² g-1). For TaON@CN-

1150, this is probably due to the presence of the TaN phase that is formed in close contact 

to the carbon core at 1150°C. TaN is used technically as (gas) diffusion barrier.[309] This also 

explains the lower specific surface area of only 67 m² g-1 compared to the other nitrided 

composite spheres. The shell of TaO@C-RT is mesoporous indicated by the presence of a 

hysteresis.  For TaON@CN-700 and -850 the mesoporous character of the samples is lost 

and only with the formation of the Ta4N5 phase next to the carbon core at 1000°C slit-like 

mesopores are present again. For TaON@CN-1150, the H3-type hysteresis associated 

with the mesopores of the Ta4N5 phase is still present. All isotherms show an increase of 

the adsorbed volume of N2 at high relative pressures p/p0, which points to the formation of 

macropores created by interstices between agglomerated TaON@CN spheres. 

XPS measurements of the nitrided composites were performed in order to gain insight into 

the surface-specific elemental composition, which is especially important for the 

electrochemical surface reaction and may differ from the structure of the bulk material. 

Figure 5-7 depicts Ta(4f7/2/4f5/2) spectra recorded on the different tantalum (oxy)nitride 

samples. The broad spectra with two or three maxima are composed of several peaks, 

which can be deconvoluted. Peaks at 26.6 / 28.5 eV (full lines) and at 25.9 / 27.8 eV (dashed 

lines) are assigned to Ta2O5
[128;139;322] and to TaON[128;139;323] respectively. The spectra 

indicate that independent of the nitriding temperature there are significant contributions from 

Ta2O5, which is most easily explained by a re-oxidation of the tantalum (oxy)nitride surface 
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Figure 5-7:  XP spectra of the Ta(4f) signals of the TaON@CN samples nitrided at different 

temperatures. 

of the catalysts because of exposure to air (during sample transport through air). 

Furthermore, the spectra clearly indicate a nitriding of the still amorphous tantalum oxide at 

700°C (XRD measurements did not resolve any crystallinity for TaON@CN-700, Figure 

5-2), which is as supported also by the EDX measurements. A higher nitriding temperature 

of 850°C leads to the development of a new signal at 25.0 / 27.0 eV in the XPS spectrum, 

which we assign to Ta3N5,[128;139] a phase which was also detected by the XRD 

measurements for the catalysts prepared at nitriding temperatures of 850 and 1000°C. For 

TaON@CN-1000, new peaks evolve at 24.1 / 26.0 eV, which can be correlated to TaN and 

Ta4N5.[139;322] Overall, we observe a shift of the tantalum (oxy)nitride phases to a higher 

nitrogen content, from TaON at 700°C to a mix of TaON and Ta3N5 at 850°C, respectively, 
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and the onset of Ta4N5 and TaN formation at 1000°C. Finally, TaON@CN-1150 shows a 

high ratio of TaN and Ta4N5, which is in accordance with the XRD data. However, a strong 

oxidation of the tantalum (oxy)nitride close to the surface was detected as well. The 

measurement of the N(1s) signal (SI: Figure 5-18) did not give any additional information, 

since the N(1s) signals of the different TaOxNy surfaces cannot be distinguished from the 

N(1s) signals of the nitrided carbon core and the Ta(4p) signal of Ta2O5, which prevents a 

more detailed evaluation.[35;139] 

5.3.2 Electrochemical characterization  

The electrochemical properties of the tantalum (oxy)nitride@carbon nitride composites 

were characterized by cyclic voltammograms (CVs) recorded in N2 saturated acidic (0.5 M 

H2SO4, potential window 0.06 - 1.2 V) and alkaline (0.1 M KOH, potential window -0.4 to 

1.2 V) electrolyte. In the alkaline electrolyte we used a wider potential range in order to gain 

more information on the nature and characteristics of a second ORR plateau, which appears 

below 0 V and which will be discussed in more detail later. The cyclic voltammograms (CV) 

measured in acidic and alkaline electrolyte are presented in Figures 5-8 a and 5-9 a, 

respectively. The current densities measured at 0.6 V for the cathodic and anodic scan are 

indicated in the insets (Figures 5-8 b and 5-9 b). Current densities rather than currents are 

shown to better compare the double layer charging properties of the catalysts, independent 

of the specific surface area of the materials. They were obtained by normalizing the currents 

to the SSA derived from N2 sorption measurements (see above). 

In acidic electrolyte, the CVs of the composite materials, except TaON@CN-700, show only 

double layer currents and the chinone/ hydrochinone[324] signal of the carbon (Figure 5-8), 

where the double layer charging current densities of the composites strongly increase when 

increasing the nitriding temperature from 850 to 1000°C, while a further increase to 1150°C 

has little effect. The higher double layer charging current densities can be explained by a 

better conductivity and hence a lower resistance through the catalyst layer. The improved 

electrical conductivity can be tentatively explained from the TEM and SEM images in Figure 

5-4, which show rather large areas with thinner Ta4N5 and TaN layers. This results in a 

better electric contact between the (nitride) carbon cores and thus in an increase of the 

(electrically contacted) electrochemically available surface area, which in turn results in 

higher double layer charging current densities. Finally, the TaON@CN-700 catalyst differs 

from the other ones in that it shows a slow increase of the current density in the positive-

going scan (decrease in the cathodic scan) over the initial 600 mV, which is more 

characteristic for a redox reaction on the surface, rather than for simple double-layer 

charging, as obtained for the other TaON@CN materials. This can be tentatively explained 

by a lower chemical stability of the still amorphous TaOxNy structure compared to the 

crystalline phases (see also the XRD and XPS results in Figures 5-2 and 5-7). 
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Figure 5-8:  a) Cyclovoltammogram and b) current densities at 0.6 V (cathodic and anodic scan) of 

TaON@CN nitrided at different temperatures recorded in N2 saturated 0.5 M H2SO4 

(10 mV s-1), catalyst loading of 0.28 mg cm-2. 

 

Figure 5-9:  a) Cyclovoltammogram and b) current densities at 0.6 V (cathodic and anodic scan) of 

TaON@CN samples nitrided at different temperatures, recorded in N2 saturated 0.1 M 

KOH (10 mV s-1), catalyst loading of 0.28 mg cm-2. 
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Table 5-2:  Resistance measurements of the catalyst films of TaOxNy and TaON@CN (without 

catalyst film: 2 Ω). 

 Resistance / Ω 

Nitriding T RT 700°C 850°C 1000°C 1150°C 

TaOxNy 2·107 ± 3·106 7·107 ± 4·106 2·107 ± 4·106 2·107 ± 3·106 no inform. 

TaON@CN 527 ± 93 787 ± 181 78 ± 50 4 ± 1 3 ± 1 

Analogous CVs recorded in alkaline electrolyte (Figure 5-9) showed a similar behavior as 

those in acidic electrolyte (Figure 5-8). Again, we found low current densities for nitriding at 

850°C and strongly increased current densities for nitriding at 1000 and 1150°C, in 

agreement with the results in acidic electrolyte (Figure 5-8). TaON@CN-700 shows again 

a surface reaction in addition to the double layer charging currents. The wider potential 

window does not cause any significant modifications of the CVs at potentials above 0 V, 

and there are also no distinct features in the range below 0 V. 

The overall improvement of the electrochemical properties induced by the (nitrided) carbon 

cores, in particular the increased electrochemically active surface area, is evident when 

comparing these CV with similar current traces recorded on carbon-free TaOxNy reference 

catalysts (SI: Figure 5-19 and 5-20). The latter ones show very small current densities, most 

probably caused by the glassy carbon, and no change with increasing nitriding temperature. 

The inactivity for electrochemical surface reactions and the double layer charging process 

is attributed to a lower electrical conductivity despite their nitriding. In order to verify this 

assumption, we measured the overall resistance of the catalyst film as described in the 

experimental section. The measured resistances in Table 5-2 clearly demonstrate the 

improvement in resistivity caused by the carbon core since for TaON@CN films the 

resistances are several orders of magnitudes lower than for the TaOxNy materials without 

the carbon core. Hence, our approach of combining carbon cores with a tantalum 

(oxy)nitride shell indeed improved the electrical conductivity of the catalyst material. 

Furthermore, comparing the values of the different TaON@CN materials, we see a 

decrease in the resistances with increasing nitriding temperatures, which qualitatively fits to 

the increasing current densities observed in the electrochemical measurements 

(Figures 5-8 and 5-9) and should lead to an increase of the ORR activity of the composite 

materials. It should be noted that the resistance measurements in Table 5-2 can only give 

an indication of the resistance of the catalyst films in air. They do not represent the actual 

resistance of the materials under electrochemical conditions, in the presence of the 

electrolyte. 

The absence of additional signals in the CVs besides the double layer charging currents 

and the carbon signal (chinone / hydrochinone) for the TaON@CN-850 sample closely 
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resembles the electrochemical characteristics of other TaOxNy catalysts reported 

previously.[128;136;142] To the best of our knowledge, comparable composite materials 

containing tantalum (oxy)nitrides and carbon have not been described so far. The CVs of 

the present TaON@CN catalysts closely resemble those of similar type TiON@CN core-

shell catalysts, which we had investigated previously.[238] The CVs of the TiON@CN 

catalysts are also dominated by currents caused by the double layer charging processes. 

Only TiON@CN-700 exhibited signals related to additional surface reactions. 

5.3.3 Activity and selectivity in the oxygen reduction reaction 

The activity and selectivity of these catalyst materials in the ORR were characterized by 

measurements in a RRDE setup in O2 saturated electrolytes. To exclude effects of double 

layer charging and other surface processes not related to the ORR, the reaction currents 

presented in Figures 5-10 and 5-11 were corrected for this by subtracting the currents of 

the CV measurements in base electrolyte (Figures 5-8 and 5-9) from the measured ORR 

currents. 

5.3.3.1 ORR performance in acid and alkaline electrolyte 

Figure 5-10 depicts the ORR current densities (a) of the TaON@CN composite materials, 

the ring current densities (b) and the calculated hydrogen peroxide yields (c). Comparing 

the onset of the ORR and the absolute current densities reached, we see a clear effect of 

the nitriding temperature. We can identify three different groups, the TaO@C-RT material, 

which is essentially inactive, the TaON@CN-700, TaON@CN-850 and TaON@CN-1150 

catalysts, which are characterized by measurable activities (current densities) and onset 

potentials between 0.4 and to 0.6 V, and finally the TaON@CN-1000 catalyst, which is by 

far the most active catalyst in the entire set of catalyst, by at least an order of magnitude 

higher current densities than reached by the previous set of samples, and an onset potential 

of about 0.7 V. The hydrogen peroxide yield for these catalysts are mostly between 35% 

and 45%, only the TaON@CN-700 catalysts, where H2O2-yield starts at 20% at 0.6 V, 

reaches 50% at 0.4 V and then remains at this level. The most promising TaON@CN-1000 

catalyst starts at about 40% H2O2-yield, which then decays steadily at higher overpotentials, 

reaching 25% at 0.2 V. It should be noted already at this point that for practical applications 

these high peroxide yields are not applicable and need to be further reduced (see also the 

later discussion).  

The TaOxNy catalysts, without the presence of the carbon core, which were characterized 

for comparison (SI: Figure 5-21), did not show any increase in ORR activity with increasing 

nitriding temperature at otherwise similar conditions. This agrees with expectations based 

on the low current densities in the CVs (SI: Figures 5-19 and 5-20), which indicated a very 

low electrochemically active surface area. As briefly mentioned later, the added carbon core 
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is also expected to play an important part for the ORR activity of the composites, since the 

nitrided carbon is known to be active in the ORR.[35;47] 

Comparable trends are found in the ORR measurements in alkaline electrolyte, which are 

presented in Figure 5-11. For all catalysts the onset of ORR activity is above 0.7 V. The 

ORR current densities show a characteristic two-plateaus shape, with the first plateau 

between 0.6 and 0.2 V and the second, with higher current densities, at potentials below -

0.1 V. Similar two-plateau characteristics in alkaline electrolyte with a change in the 

selectivity were reported previously for a number of related catalyst systems, e.g., for 

nitrogen-doped carbon nanotube arrays,[152] for phosphorus-doped graphite layers[282] and 

for titanium(oxy)nitride@carbon catalysts[238]. 

 
Figure 5-10: a) ORR current densities, b) ring current densities, c) H2O2-yield of TaON@CN 

samples nitrided at different temperatures and, for comparison, of a commercial Pt/C 

catalyst, recorded in O2 saturated 0.5 M H2SO4 (1600 rpm, 10 mV s-1), catalyst loading 

of 0.28 mg cm-2. 
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Figure 5-11:  a) ORR current densities, b) ring current densities, c) H2O2-yield of TaON@CN 

samples nitrided at different temperatures and, for comparison, of a commercial Pt/C 

catalyst, recorded in O2 saturated 0.1 M KOH (1600 rpm, 10 mV s-1), catalyst loading 

of 0.28 mg cm-2. 

Again, TaON@CN-1000 is the most active catalyst, both with respect to the onset potential 

of 0.9 V and the current densities measured, and TaO@C-RT is the least active catalyst, 

while the other ones are in between. The ORR current densities of the former catalyst are 

nearly twice of those nitrided at lower temperatures. Hence, in alkaline electrolyte the 

difference in ORR activity between the TaON@CN-1000 catalyst and the other catalysts 

nitrided at higher or lower temperatures is less pronounced than in acid electrolyte.  

In alkaline electrolyte, the hydrogen peroxide yield of these catalysts, at potentials below 

0.6 V, is between 20% (TaON@CN-1000) and 35% (TaON@CN-700, TaON@CN-850), 

that of the TaO@C-RT catalyst is around 50% and that of the high temperature nitrided 

TaON@CN-1150 catalyst decays steadily with decreasing potential, from 60% at 0.6 V to 
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about 30% at -0.4 V. Except for the TaON@CN-850 and the TaO@C-RT catalysts, the 

transition between the two plateaus seems to go along with a change in selectivity, where 

at least part of the higher current density in the lower potential (higher overpotential) plateau 

results from a higher contribution of the 4-electron reduction ORR pathway to water than 

from the 2-electron reduction to hydrogen peroxide in the higher potential regime. For the 

reference materials without the carbon core (TaON) we do not see any change of the ORR 

activity in the alkaline electrolyte with increasing nitriding temperature (SI: Figure 5-22). This 

shows ORR inactivity of the pure tantalum (oxy)nitride materials caused by their low 

electrical conductivity. We contribute the ORR activity shown in Figure 5-22 (SI) to the 

carbon electrode, which is still in contact to the electrolyte and can therefore show an ORR 

activity in alkaline electrolyte. 

In summary, also in alkaline electrolyte TaON@CN-1000 is again the most promising ORR 

catalyst in the series investigated, both with respect to its activity and its selectivity for the 

4-electron pathway. Compared to the reaction in acid electrolyte, however, the differences 

are less pronounced. 

5.3.3.2 Comparison with ORR performance of related catalyst materials 

The ORR performance of these electrocatalysts shall be compared with that of related 

materials, which include on the one hand tantalum oxides and (oxy)nitride materials, on the 

other hand titanium (oxy)nitrides with a similar core-shell structure and a nitrided carbon 

core.  

The performance of tantalum (oxy)nitrides in the ORR was investigated in a number of 

studies by the group of Ota.[128;136;141;142;322;325] Most of their work focused on tantalum 

(oxy)nitrides without addition of a carbon support. The onset of the ORR was found to vary 

with the calcination temperature and the crystallinity of the tantalum (oxy)nitride, reaching 

a maximum (lowest overpotential) of 0.75 V in acid electrolyte at calcination temperatures 

of around 850°C.[136;141;142] It is important to note, however, that the current densities in these 

studies were very low, on the µA cm-2 scale, and increased only very slowly with increasing 

overpotential. In the present study, in contrast, current densities were on a mA cm-2 scale 

caused by the addition of the carbon core. In difference to the findings of the Ota group, we 

found a comparable ORR onset of about 0.7 V for the TaON@CN-1000 catalyst, which was 

nitrided at 1000°C, indicating that the addition of the carbon core has a major influence on 

the catalyst activity. In particular, it drastically increases the current densities. Similar trends 

were reported by the Ota group. When supporting the (oxy)nitrides on carbon black[132;137;138] 

or on carbon nanotubes,[139;288] they found significantly higher current densities, similar to 

those observed in the present work. 

Another problem, which has not been considered in most of above studies, is the rather low 

selectivity for water formation (4-electron pathway). RRDE measurements of the ORR 
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performed on TaOxNy reference materials and the TaON@CN catalysts showed that H2O2 

formation contributes with more than 20% to the O2 reduction (O2 consumption), which is 

far beyond the values required for application as cathode catalyst in PEM fuel cells. 

Peroxide yields above 20% were also reported by Ishihara et al.[288] for other tantalum oxide 

based catalysts. Since the nitrided carbon spheres themselves also produce significant 

amounts of peroxide (SI: Figure 5-24), we cannot distinguish whether peroxide formation 

occurs solely on the core or the (oxy)nitride shell. 

In total, even though the tantalum (oxy)nitrides are promising with respect to their ORR 

onset potential, they need significant improvement of the current density and the selectivity 

for the 4-electron reduction process to H2O. The present core-shell composite nanoparticles 

led to an improvement in the current densities compared to unsupported tantalum 

(oxy)nitride based catalysts, while there was little improvement in the selectivity. 

Furthermore, it should be mentioned that other recent titanium (oxy)nitride based catalysts 

also reach comparable and even higher current densities to the ones of TaON@CN 

catalysts.[238;284;326] In our recent study of titanium (oxy)nitride based ORR catalysts we 

reported an onset potential of 0.8 V and current densities comparable to the ones observed 

for TaON@CN-1000.[238] Also in that case, however, the peroxide yields were far too high, 

being of similar magnitude as in the present study.  

 

Figure 5-12:  ORR activity of TaON@CN-1000 before (initial) and after (10000 cycles) the 

degradation test (O2 saturated 0.5 M H2SO4, 1600 rpm, 10 mV s-1), catalyst loading of 

0.28 mg cm-2. 
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Figure 5-13:  TEM images of TaON@CN-1000 before (a, initial) and after (b, 10000 cycles) the 

degradation test. 

5.3.4 Electrochemical stability of the TaON@CN catalyst materials 

Another important advantage of (doped) metal oxides as ORR catalyst or catalyst support 

in fuel cells is the stability of these materials under operating conditions.[128;141] To test the 

stability and degradation of the present TaON@CN composite materials under operation 

conditions, we performed ADT for the most active material TaON@CN-1000. The ADT used 

in this work simulates start/stop cycles during fuel cell operation. It consists of square wave 

potential cycling between 0.4 and 1.4 V for 10000 cycles. ORR measurements, performed 

before and after the stability tests to evaluate the degradation of the catalyst, are presented 

in Figure 5-12. They show a decrease of the onset potential in addition to a significant 

decrease of the current densities. In a previous study on comparable TiON@CN catalysts 

we concluded based on TEM observations that a loss of the titanium (oxy)nitride shell is the 

main reason for the decline in ORR activity.[238] In the present case, TEM images recorded 

before and after the ADT (Figure 5-13) do not show any indications for such kind of shell 

detachment from the (nitrided) carbon core. Therefore, the mechanism responsible for the 

decay in ORR activity must be different for the TaON@CN catalysts compared to their 

titanium analogues. Similar results are obtained from XPS measurements performed after 

the ADT (SI: Figure 5-23), which do not show any significant changes in the surface 

composition compared to before the test, confirm the overall stability of the tantalum 

(oxy)nitride. The only difference is obtained in the Ta(4f) signal of Ta4N5 / TaN for 

TaON@CN-1000, which disappeared almost completely after the stability test. This points 

to the dissolution of the Ta4N5 / TaN surface phases, where the latter is known to be unstable 

in acidic environment.[139] Since the almost complete loss of these surface phases goes 

along with a distinct loss of the ORR activity, we propose that Ta4N5 / TaN act as active 

surface phases in the ORR rather than the more stable Ta3N5 phase. 
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5.3.5 Nature of the active phase / site in the composite materials 

Finally, we would like to discuss the nature of the active phase or active sites causing the 

ORR activity of the TaON@CN composite catalysts, in particular the question whether one 

of the components is mainly responsible for this or whether it results from an interplay 

between both components. This is particularly challenging as both components, the 

tantalum (oxy)nitride shell[128;136;327] and the nitrided carbon core,[35;47;139] are known to be 

ORR active. Based on the N2 sorption measurements (Figure 5-6, Table 5-1), the nitrided 

carbon core is accessible to O2 for the samples nitrided between 700 and 1000°C. For these 

samples, both components can contribute to the ORR activity. For the TaON@CN-1150 

catalyst, in contrast, the N2 sorption measurements indicated that the carbon core is not 

accessible, and in this case the remaining ORR activity should mainly result from the shell. 

Consequently, the questions raised above is reduced to the ORR behavior after nitriding 

between 700 and 1000°C. A comparative measurement of the ORR activity of the carbons 

nitrided at 850 and 1000°C (SI: Figure 5-24) shows a high ORR activity in both cases. 

Considering the low ORR activity of TaON@CN-850, the contribution of the nitrided carbon 

core to the ORR activity of that material must be very low. Considering further that the 

carbon core in that material is easily accessible (see the high contribution of the micropores 

of the nitrided carbon core in the N2 sorption measurements in Figure 5-6 and in Table 5-1), 

this indicates that the core is much less active than in the CN-850 material. Most easily this 

can be explained by a lower degree of nitriding compared to CN-850, which would indicate 

that the TaOxNy shells hinder nitriding of the carbon cores. In contrast, for the TaON@CN-

1000 composite material, where the accessibility of the nitrided carbon core is lower (see 

Table 5-1), the TaOxNy shell is likely to contribute significantly to the relatively high overall 

ORR activity of these materials, although this cannot be quantified. Hence, the TaON@CN 

composite materials differ distinctly in their ORR activity from that of the TiON@CN 

composites studied previously[238] in that they do not show a direct correlation between the 

accessibility of the nitrided carbon core and the ORR activity. 

Main difference between the TaON@CN-850 and TaON@CN-1000 samples is the 

presence of the Ta4N5 phase in the latter case, which was exclusively found for the carbon-

containing composite after nitriding at 1000 and 1150°C, but not after 700 or 850°C nitriding. 

Therefore, it is tempting to relate the high activity of the TaON@CN-1000 material to the 

presence of this phase in close contact to the nitrided carbon core, since the Ta4N5 phase 

of the ORR inactive TaON@CN-1150 is not in direct combination with the nitrided carbon 

core. The important role of the assumed ORR activity of the Ta4N5 phase is also supported 

by the observation that carbon-free TaOxNy materials, without the Ta4N5 phase, which did 

not exhibit any measurable ORR activity (SI: Figures 5-21 and 5-22). It should be noted, 

however, that the phase composition of these reference materials is different from that of 
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the shell of the present composite materials. Our results are in contrast to a previous report 

by Ota and coworkers, where they suggested that the oxidized Ta3N5 phase is especially 

ORR active,[139] while in our measurements the pronounced difference in ORR activity 

between the TaON@CN-850 and TaON@CN-1000 samples could not be explained if the 

Ta3N5 phase were the ORR active phase. 

Interestingly, Ota and coworkers found that also the Ta2O5 itself can be ORR active if 

synthesized via oxidation of carbon containing precursors like TaC[137] and Ta2CN.[138] They 

found that carbon from the precursor deposited on the Ta2O5 surface, which they suggested 

plays a major role for the ORR activity by creating ORR active oxygen vacancy sites on the 

Ta2O5 surface.[138] Additionally, the deposited carbon was suggested to promote the ORR 

activity by providing local nanoscale conduction paths on the Ta2O5 surface.[138] This results 

and ideas support also previous results of the ORR activity of partly oxidized tantalum 

carbides and carbonitrides.[132;287;322] In our work, carbon from the core might act in a similar 

way under the high temperatures during nitriding. Considering also surface re-oxidation of 

the resulting phase to Ta2O5 upon contact with air, as evidenced by the XPS data in 

Figure 5-7, this may lead to surfaces comparable to those obtained by the Ota group, 

affecting the ORR activity in a similar way. Thus, our results further confirm the importance 

of the TaOx surface layer proposed by the Ota group, although we contribute the ORR 

activity to the (carbon-doped) surface oxidized Ta4N5 phase. A more detailed description of 

the interplay between core and shell components and its role in the ORR activity of the 

TaON@CN composites, however, is not possible based on the present data. This is topic 

of ongoing studies in our laboratories. 

 Conclusions 

Aiming at the development of highly active and stable platinum-free catalysts for the oxygen 

reduction reaction in polymer electrolyte fuel cells, we synthesized and characterized a new 

composite material that combines a high ORR activity with improved electric conductivity. 

Core-shell tantalum (oxy)nitride@nitrided carbon composite nanoparticles were prepared 

by a hydrothermal reaction of glucose to form carbon spheres and a subsequent deposition 

of amorphous tantalum oxide via sol-gel processing in a first step, followed by ammonia 

vapor nitriding at different temperatures (700°C – 1150°C). Characterization of structural 

properties and phase composition on the one side and their electrochemical properties / 

ORR performance on the other one leads to the following conclusions: 

1. Sol-gel procedures applied in the synthesis of the core-shell Ta2O5@C spheres (shell 

41.75 wt.%, core 58.25 wt.% with diameters of ~314 nm) allow for a very precise design 

of a homogeneous, amorphous tantalum oxide shell (~25 nm thickness) with 

permeable mesopores on an accessible carbon core. 
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2. Subsequent nitriding in ammonia vapor leads to the desired TaON@CN composite 

spheres, with the phase composition depending on the reaction temperature. Reaction 

at 700°C results in likely N-doped amorphous tantalum oxide. For reaction at 850° to 

1150°C, the resulting composite spheres (shell 64 wt.% - 54 wt.%, core 36 wt.% - 46 

wt.%) consist of a shell of decreasing thickness (22 nm - 15 nm) and a nitrided carbon 

core, where the shell includes two coexistent tantalum(oxy)nitride phases, TaON/Ta3N5 

upon reaction at 850°C, Ta3N5/Ta4N5 after reaction at 1000°C and Ta4N5/TaN for 

reaction at 1150°C. The shell consists of an inner layer in contact to the nitrided carbon 

core, which is likely to consist of the lower tantalum (oxy)nitride (850°C: TaON, 1000°C: 

Ta4N5, 1150°C: TaN), and structures on top of this formed by the higher tantalum 

nitride. Ta4N5 formation goes along with the formation of mesopores at 1000°C. Upon 

reaction at 1150°C, access to the nitrided carbon core is hindered by a non-porous TaN 

layer. 

3. Without nitriding and upon nitriding at 700 and 850°C double layer charging currents 

are very low. Increasing the nitriding temperatures from 850°C to 1000°C results in a 

dramatic increase of the double layer charging current densities for TaON@CN-1000 

and TaON@CN-1150. This is due to the improved electrical conductivity of the 

composite materials. TaON@CN-700 shows an additional redox reaction of the surface 

at 0.6 V in both alkaline and acidic electrolytes. 

4. In acidic electrolyte the ORR current densities are low for all composite catalysts except 

for TaON@CN-1000, which in addition also exhibits the by far highest ORR onset 

potential of 0.7 V (current density 1.5 mA cm-2, mass activity 4,4 A g-1 at 0.4 V). 

Increasing the nitriding temperature to 1000°C causes a shift of the ORR onset in acidic 

electrolyte to higher potentials. For the TaON@CN-1150 catalyst, the resulting TaN 

layer hinders the nitrided carbon core to contribute to the reaction, while showing little 

ORR activity itself. The improved ORR activity of the TaON@CN-1000 catalyst is 

attributed to significant contributions from surface oxidized Ta4N5 in close contact to the 

nitrided carbon core. Accordingly, the corrosive degradation of this phase during the 

stability tests leads to a significant loss in ORR activity. The selectivity for the 4-electron 

pathway (water formation) was found to be around 40% for all catalysts.  

In alkaline electrolyte, the onset potentials are generally higher than in acidic medium. 

The ORR exhibits a two-plateau behavior, where the transition is accompanied by a 

change in the selectivity, changing from a predominant 2-electron reduction process in 

the first plateau (0.6 – 0.4 V) to a higher contribution of the 4-electron mechanism 

(complete reduction to H2O) for potentials below 0 V. Also, here the maximum ORR 

activity and selectivity are reached for TaON@CN-1000, with a peroxide yield of about 

20% and an onset potential of 0.9 V.  
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Overall, this work has demonstrated the feasibility of the present synthesis strategy for 

developing highly active Pt-free ORR catalysts. Further work will focus on the improvement 

of the promising TaON@CN-1000 catalyst, both in terms of activity and selectivity, and on 

a more detailed investigation of the origin of the ORR activity. Finally, our data demonstrate 

that it is absolutely necessary to optimize ORR catalysts not just for high ORR onset 

potentials, but also for current densities, high stability and high selectivity as well. 

 Supporting information 

5.5.1 Determination of the core/shell mass ratio 

The determination of the mass percentage of the TaOxNy shell and nitride carbon core is 

performed by combining TGA and XRD (Rietveld refinement) data. Performing TGA 

measurement results in complete combustion of the nitrided carbon core. The residual mass 

now corresponds to the mass of the oxidized TaOxNy shell (Ta2O5). Correction calculations 

taking into account the composition of TaOxNy given by Rietveld refinement and the resulting 

change of mass for the oxidation to Ta2O5 allow the correct determination of the shell and 

core mass percentage.  

5.5.2 Supporting figures and tables 

 

Figure 5-14:  a) STEM image and b) oxygen elemental map (STEM EDX) of TaON@CN-700. 
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Figure 5-15:  Indexing of the X-ray diffraction patterns of TaON@CN-1000, Ta3N5 (COD 1005006, 

red), Ta4N5 (PDF 75-0627, blue). 

 

Figure 5-16: Indexing of the X-ray diffraction patterns of TaON@CN-1150, Ta4N5 (PDF 75-0627, 

red), TaN (PDF 49-1283, blue). 
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Figure 5-17:  FTIR spectra recorded on a) carbon spheres calcined at 1000°C, b) carbon spheres 

nitrided at 1000°C and c) TaON@CN-1000.  

 
Figure 5-18:  XP spectra of the N(1s) and Ta(4p3/2) signals of the TaON@CN samples nitrided at 

different temperatures. 
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Figure 5-19:  Cyclovoltammogram of TaOxNy reference samples nitrided at different temperatures, 

recorded in N2 saturated 0.5 M H2SO4 (10 mV s-1), catalyst loading of 0.28 mg cm-2. 

 
Figure 5-20:  Cyclovoltammogram of TaOxNy reference samples nitrided at different temperatures, 

recorded in N2 saturated 0.1 M KOH (10 mV s-1), catalyst loading of 0.28 mg cm-2. 
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Figure 5-21: a) ORR current densities, b) ring current densities, c) H2O2-yield of TaOxNy reference 

samples nitrided at different temperatures, recorded in O2 saturated 0.5 M H2SO4 

(1600 rpm, 10 mV s-1), catalyst loading of 0.28 mg cm-2. 
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Figure 5-22:  a) ORR current densities, b) ring current densities, c) H2O2-yield of TaOxNy reference 

samples nitrided at different temperatures, recorded in O2 saturated 0.1 M KOH (1600 

rpm, 10 mV s-1), catalyst loading of 0.28 mg cm-2. 
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Figure 5-23:  XP spectra of the Ta(4f) signals of the TaON@CN-1000 sample before (a) and 

after (b) the stability test (10000 cycles ADT). 
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Figure 5-24:  a) ORR current densities, b) ring current densities, c) H2O2-yield of TaON@CN-850, 

TaON@CN-1000, CN-850 and CN-1000, recorded in O2 saturated 0.5 M H2SO4 (1600 

rpm, 10 mV s-1), catalyst loading of 0.28 mg cm-2. 
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6 Synthesis of amorphous and graphitized porous nitrogen-

doped carbon spheres as oxygen reduction reaction 

catalysts 

The content of this chapter was published in reference [417] and is reprinted and adapted 

from Beilstein J. Nanotechnol. 2020, 11, 1–15 (10.3762/bjnano.11.1). The used publication 

is an Open Access article under the terms of the Creative Commons Attribution License 

(CC BY 4.0) (https://creativecommons.org/licenses/by/4.0). The experimental section was 

removed and the information were added to the experimental part in chapter 2 of this work. 

Furthermore, the content and structure were adjusted to the style and layout of this work by 

adapting the numbering of the sections, the references, the figures and the spelling. In this 

chapter the NCS catalysts correspond to the CN catalysts in the other chapters of this work. 

This chapter focuses mainly on the synthesis and the structural characterization of the 

nitrided carbon materials rather than their electrochemical characterization, which was 

carried out by our cooperation partners M. Wassner and Prof. N. Hüsing at the University 

of Salzburg. However, it was included in this thesis since it delivers essential information on 

the structural differences of the catalysts which are electrocatalytically characterized in 

chapters 7 and 8. Furthermore, it displays first information on the electrocatalytic properties 

of the materials as well as the influence of the graphitization on their ORR activity. 

The catalysts were synthesized by M. Wassner, who also performed main parts of the 

physical characterization. My share of this work consists in the TEM imaging and the 

evaluation of the XPS measurements. In addition, I determined the electrochemical 

/ -catalytical properties of the catalysts and, finally, wrote the corresponding chapter 6.3.2. 

Margit Lang (Institute of Analytical and Bioanalytical Chemistry, Ulm University) achieved 

the CHN analysis, G. Tippelt and M. Suljic (both at University of Salzburg) contributed with 

the XRD and the N2 sorption measurement. Finally, the SEM measurements were 

performed by A. Minkow (Institute of Micro- and Nanomaterials, Ulm University). 

This work was supported by the Deutsche Forschungsgemeinschaft (DFG) via ERA-

Chemistry [BE 1201/20-1] and by the FWF Austrian Science Fund [I 1259–N28]. 

 Abstract 

Amorphous and graphitized nitrogen doped (N-doped) carbon spheres are investigated to 

gain a deeper understanding of the relationship between synthesis, structure and their 

activity in the oxygen reduction reaction (ORR). N-doped carbon spheres were synthesized 

by hydrothermal treatment of a glucose solution yielding carbon spheres with sizes of 

330 ± 50 nm, followed by nitrogen-doping via heat treatment in ammonia atmosphere. The 

influence of a) varying the nitrogen-doping temperature (550 – 1000°C) and b) of a catalytic 

https://doi.org/10.3762%2Fbjnano.11.1
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graphitization prior to nitrogen-doping on the carbon sphere morphology, structure, 

elemental composition, N bonding configuration as well as porosity is investigated in detail. 

For the N-doped carbon spheres, the maximum nitrogen content was found at a doping 

temperature of 700°C, with a decrease of the N content for higher temperatures. The overall 

nitrogen content of the graphitized N-doped carbon spheres is lower than that of the 

amorphous carbon spheres, however, also the microporosity decreases strongly with 

graphitization. Comparison with the electrocatalytic behavior in the ORR shows that in 

addition to the N-doping, the microporosity of the materials is critical for an efficient ORR. 

 Introduction 

Fuel cells and metal-air batteries are important renewable energy technologies; both relying 

on the oxygen reduction reaction (ORR). The best-established ORR catalysts are so far 

based on Pt nanoparticles or Pt alloys. However, Pt is expensive and its stability under fuel 

cell working conditions is limited. Therefore, alternative catalysts based on noble metal-free, 

less expensive and stable materials are highly needed. Metal-free carbon materials, single- 

or multi-doped with N, B, P, S, halogens, Si or Se, have turned out as promising ORR 

catalysts.[150;152;282;328-330] N-doped carbon materials show promising ORR activities along 

with high electric conductivity, in addition they can result in further advantages such as an 

improved tolerance towards impurities compared to Pt based catalysts.[152] A wide variety 

of N-doped carbon materials is known from the literature, reaching from N-doped graphene 

and graphite, N-doped carbon nanotubes, -cages, -cups and –fibers,[331-333] N-doped 3D 

ordered (meso)porous carbons,[334] N-doped carbon composites (e.g., carbon 

nanotubes/graphene),[335] N-doped carbon spheres[336;337] to graphitic-C3N4 carbon nitride 

composites[338]. 

In the present work we report results of a systematic study on the synthesis and 

characterization of N-doped carbon spheres as possible ORR catalysts. Before presenting 

our results, we will briefly summarize relevant previous findings. There are two main 

strategies for the synthesis of N-doped carbons: First, “in situ” doping with nitrogen, 

employing C and N containing precursors directly in the synthesis of the material, which 

leads to the direct formation of C-N bonds; second, post-synthesis N-doping via 

substitutional incorporation of N into the carbon lattice of “as-synthesized” carbon materials 

with a reactive nitrogen containing agent. Established “in situ” syntheses are chemical vapor 

deposition (CVD) and arc discharge methods for N-doped graphene, graphite and carbon 

nanotubes.[333] Most commonly, the post-synthetic approach is carried out by thermal 

treatment of carbon in ammonia atmosphere, typically leading to surface N-doping. A variety 

of N bonding configurations can be formed within the carbon lattice,[332] among them the 

pyridinic and quarternary (also: graphitic) nitrogen bonding configurations were assumed 

as origin of the ORR activity of these N-doped carbon materials.[339] The exact nature of the 
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active site is controversely discussed; some researchers ascribe the ORR activity to 

graphitic-nitrogen sites,[340-344] while others propose pyridinic-nitrogen as more 

important.[35;339;345;346] Previous results of our groups indicate that the ORR activity of nitrided 

carbon is dominated by the carbon edge atoms of micropores in graphenic structures, 

whose electronic structure is additionally modified by low-level N-doping.[41;347] This may 

include both graphitic and pyridinic-N-doping. Kim et al. suggested that both bonding 

situations interconvert during the ORR and that both might be equally important.[348] A 

directed tailoring of the active sites in the carbon material is a prerequisite for a knowledge-

based optimization of the ORR activity. As reported by Lai et al.[341], this can be achieved to 

a certain extent by varying the reaction temperature and the use of different N(C) 

precursors: Annealing graphene oxide (GO) in an ammonia atmosphere at 550°C led to 

pyridinic-N-doped graphene, while at 850°C graphitic-nitrogen coexisted with pyridinic-

nitrogen, and for higher temperatures the amount of graphitic-N increased. Annealing GO 

at 850°C in the presence of polyaniline or polypyrrole instead of ammonia resulted in 

pyridinic or pyrrolic-N moieties, respectively. 

Beside the N bonding configuration, the ORR activity is affected by the N content, the 

surface area (porosity) and possibly the degree of graphitization.[41] The nitrogen content 

defines, among others, the density of N sites, which influence the ORR activity even if they 

are not the active ORR sites themselves.[41] The N content depends on the amount of 

nitrogen in the precursor, the N(C) precursor concentration, the reaction temperature as 

well as the duration of the doping treatment: For ammonia nitriding of carbon a significant 

increase of the N content occurs at reaction temperatures higher than 550°C (formation of 

nitriding active species based on ammonia decomposition), and at ~650°C the maximum N 

content is reached. For higher temperatures, the N content decreases again, here the 

formation of C-C bonds is favored compared to C-N bonds. At a given reaction temperature, 

the N content increases with higher ammonia concentrations up to a certain maximum, only 

a limited amount of N can be incorporated. Exceeding this point leads to the formation of 

defects causing decomposition of the carbon framework and decrease of the N 

content.[349;350] The availability of active sites (for a certain electrochemical reaction) 

correlates with the electrochemical active surface area for this reaction. For most 

conventional porous carbon materials micropores contribute significantly to the surface 

area, but their small pore size is considered to only allow a limited mass transport, which 

might result in a low accessibility of the active sites therein for electrochemical processes. 

Investigations of N-doped 3D ordered porous carbons showed, e.g., that a high content of 

meso- and macropores is beneficial for the ORR activity.[334] Finally, a higher degree of 

graphitization generally leads to an improved electrical conductivity, which should improve 

the overall ORR activity. On the other hand, it may alter also the properties of the active 
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sites, which may be either beneficial or disadvantageous. The degree of graphitization can 

be increased, e.g., by higher reaction temperatures or catalytic graphitization.[158;351;352] 

Previously, we had reported on core-shell titanium (oxy)nitride and tantalum 

(oxy)nitride@nitrided carbon composite spheres, which were based on a similar conducting 

carbon core as investigated in the present study, and their performance as ORR 

catalysts.[238;285] For these systems, which turned out to be promising ORR catalysts, we 

found that nitriding the metal oxide shell concomitantly results in nitriding of the carbon core. 

To gain deeper insights in the role of the nitride carbon core, in this study we primarily 

investigate the influence of structural effects on the ORR activity of the pure N-doped 

spherical carbon core. In particular, the influence of a higher degree of graphitization on the 

ORR is studied by comparison of “as-synthesized” and pre-graphitized N-doped carbon 

spheres. 

In the following we will first describe the detailed structural and chemical analysis of the 

resulting materials (section 6.3.1). Finally, we will determine their performance as ORR 

catalyst in electrocatalytic measurements under controlled electrolyte transport, employing 

a rotating ring disk electrode (RRDE) set-up (section 6.3.2). We will compare the ORR 

performance with those of the TiON@NCS and TaON@NCS composite materials. A more 

detailed account of the electrochemical properties and of the ORR activity and mechanism 

is given elsewhere.[41;347] 

 Results and discussion 

6.3.1 Synthesis and structural / chemical analysis of the (graphitized) N-doped 

carbon spheres  

Carbon spheres were synthesized by hydrothermal treatment of a glucose solution (Figure 

6-1), following a previously reported approach.[157] They were either directly nitrided (NCS 

– nitrided carbon spheres) or graphitized and then nitrided (g-NCS graphitized nitrided 

carbon spheres). Catalytic graphitization was carried out, after a short pre-carbonization at 

550°C for 1 h, by deposition of Fe2O3 catalyst nanoparticles on the carbon spheres, followed 

by annealing in an inert atmosphere from 550 to 1000°C (with steps of 150°C). The iron 

oxide catalyst was extracted from the material by an acid leaching procedure prior to N-

doping.[158] N-doping of both sample series was achieved by heat treatment in ammonia 

atmosphere at different temperatures ranging from 550 to 1000°C (with steps of 150°C) 

(Figure 6-1). 

The “as-synthesized” carbon particles show a well-defined spherical shape with sphere 

diameters of 330 nm ± 50 nm and a smooth surface (see also scanning electron microscopy 

(SEM) image in Figure 6-2 a). Fe2O3 particles, as graphitization catalyst, are loaded 

successfully on pre-carbonized carbon spheres; yet there are domains of higher or lower 
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loadings. After nitriding with ammonia, g-NCS-550, g-NCS-700 and all samples of the NCS 

series still show a spherical shape with a smooth surface (Figure 6-2 a and b show NCS-

550 and NCS-1000 as examples), no remaining catalyst particles are observed for the 

graphitized samples via energy dispersive X-ray spectroscopy (EDX) and X-ray 

photoelectron spectroscopy (XPS). However, we cannot fully exclude small amounts of 

residual iron in the graphitized catalysts below the detection limit of XPS (about 0.2 at%) 

and EDX (about 0.1 wt.%).  

 
Figure 6-1:  Schematic synthesis overview of amorphous N-doped carbon spheres (NCS) and 

graphitized N-doped carbon spheres (g-NCS) by hydrothermal carbonization (HTC) of 

a glucose solution yielding carbon spheres that are either directly nitride with ammonia 

or graphitized and then nitride. 

 

Figure 6-2:  SEM images of a) the carbon spheres with Fe2O3 before acid treatment, b, c) the 

different non-graphitized and d, e) the graphitized carbon spheres. 
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Figure 6-3:  TEM images of a-d) the NCS catalysts and e-h) the g-NCS catalysts; the TEM images 

in a-d) are reprinted from Eckardt et. al. [347] with permission from Elsevier. 

TEM images (Figure 6-3 a-d) reveal no highly ordered domains (e.g., graphene layers) of 

the said N-doped carbon spheres, which is in good agreement with the results of X-ray 

diffraction measurements (XRD, Figure 6-4), confirming an amorphous carbon structure for 

all particles mentioned so far. Upon catalytic graphitization of g-NCS-850 and g-NCS-1000 

(cf. Figure 6-2 d and e), the smooth surface becomes texturized or perforated, and the 

spheres partially eroded. This can be explained as a result of catalytic graphitization, for 

which the following mechanism was proposed by Nettelroth et al.[158] The catalyst particles 
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carve themselves into the underlying carbon structure by a redox reaction, leading to a 

partial gasification and rearrangement of the carbon. Due to the inhomogeneous Fe2O3 

catalyst particle distribution (Figure 6-2 a), g-NCS-850 and g-NCS-1000 (Figure 6-3 g, h) 

show a varying degree of perforation and erosion. Within these spheres, fibreous structures 

probably consisting of graphitic carbon are formed with a thickness of 7 - 9 nm, as detected 

by transmission electron microscopy (TEM). The observed thickness matches very well with 

the average stacking thickness of the graphite layers Lc determined by X-ray diffraction 

measurements (vide infra). The same observation was made by Liu et al.[353] for carbon 

spheres which were synthesized by hydrothermal treatment of a sucrose solution and 

subsequently graphitized in the presence of nickel oxide particles. High resolution TEM 

(HR TEM) images of the resulting particles showed that the graphite layers are arranged 

along the longitudinal axis of the fibers.[353] After the acid washing process, neither XPS nor 

EDX showed for g-NCS-850 and g-NCS-1000 Fe or Fe3C particles within the spheres, 

which are commonly found for Fe-based catalytic graphitization of carbon.[354] Hence, under 

these conditions acid leaching is sufficient to fully remove the metal catalyst. For both 

sample series NCS and g-NCS the particle diameter decreases compared to the initial 

diameter of the “as-synthesized” carbon spheres (NCS-550 = 260 ± 35 nm, NCS-1000 = 

240 ± 30 nm; g-NCS-550 = 255 ± 35 nm, g-NCS-1000 = 220 ± 30 nm). This is due to the 

carbonization and decomposition processes taking place at higher reaction temperatures, 

together with H2 etching as side reaction of the ammonia nitriding.[238] 

  Table 6-1: Elemental bulk composition determined by CHN analyses (supported by SEM/EDX 

measurements). 

Sample Elemental bulk composition 

 C / wt.% H / wt.% N / wt.% O / wt.% 

NCS-550 88.3 2.1 1.3 8.3 

NCS-700 89.8 1.0 4.3 4.9 

NCS-850 95.1 0.7 1.1 3.1 

NCS-1000 94.9 0.4 0.9 3.8 

g-NC -550 89.6 1.9 1.8 6.7 

g-NCS-700 91.0 1.0 3.5 4.5 

g-NCS-850 96.9 0.2 0.3 2.6 

g-NCS-1000 97.0 0.2 0.3 2.5 

 

Table 6-2: Elemental surface composition and share of different N bonding configurations 

determined by XPS measurements. 
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Sample 
Elemental surface 

composition 
N bonding configuration 

 C  / 

wt.% 

N /  

wt.% 

O /  

wt.% 

Pyridinic / 

wt.% 

Pyrrolic / 

wt.% 

Graphitic / 

wt.% 

NCS-550 90.27 0.99 8.74 0.41 0.47 0.11 

NCS-700 90.25 2.90 6.85 1.22 1.29 0.38 

NCS-850 91.66 0.87 7.47 0.37 0.29 0.21 

NCS-1000 92.09 0.59 7.32 0.14 0.18 0.27 

g-NCS-550 89.43 1.72 8.85 0.69 0.86 0.16 

g-NCS-700 90.57 2.52 6.91 1.18 1.08 0.25 

g-NCS-850 95.52 0.34 4.14 0.10 0.06 0.17 

g-NCS-1000 95.82 0.29 3.89 0.10 0.09 0.09 

* Relatively large relative deviations are possible for the catalysts nitrided at 850 and 1000°C 

due to the low N content and hence a noisy N(1s) signal. 

 

The elemental bulk composition of the NCS and g-NCS spheres, determined by 

combination of CHN analyses (supported by EDX measurements, e.g., no Fe), as well as 

the elemental surface composition and N bonding configurations determined by XPS 

measurements of the NCS and g-NCS spheres are given in Table 6-1 and 6-2. As expected 

the samples are made up of a carbon matrix including O- and H-based functional groups.[256] 

Subsequent N-doping of the carbon lattice results in multiple nitrogen bonding 

configurations (Table 6-2). Possible Fe contaminations of the g-NCS samples originating 

from the Fe2O3 graphitization catalyst are below the detection limit of the EDX and XPS 

measurements. The carbonization process of the carbon spheres involves the 

decomposition of the functional groups to gases such as CO2, H2O and CH4.[256] Therefore, 

the carbon wt.% of the elemental bulk composition increases constantly with higher reaction 

temperatures, whereas the hydrogen and oxygen contents decrease. The gasification 

process leads to a lower residual mass, and explains in part the shrinkage of the carbon 

spheres, as investigated in more depth in our former work.[238] NCS-550 and g-NCS-550 

show a bulk N-doping of 1.3 wt.% and 1.8 wt.%, respectively, and the maximum N content 

is reached for NCS-700 (4.3 wt.%) and g-NCS-700 (3.5 wt.%). With higher reaction 

temperatures, the N content of the NCS samples decreases to ~1.0 wt.%, and even more 

for the g-NCS samples with a value of only 0.3 wt.%. This development is typical for 

substitutional N-doping of carbon materials by a post-synthetic heat treatment in ammonia 

atmosphere (see the review by Daems et al.[331]). The direct comparison of the N content of 

NCS-850 and NCS-1000 with the g-NCS-850 and g-NCS-1000 spheres reveals a facilitated 

substitutional N-doping for the amourphous carbon matrix than for the graphitic one. The 
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elemental surface composition measured by XPS (Figure 6-5) is similar to the overall 

elemental composition (CHN analysis), which indicates a homogeneous N-doping of the 

carbon material. In agreement with the data from elemental analysis, XPS shows the largest 

amount of N for NCS-700 and g-NCS-700, followed by a strong decrease of the N surface 

content for (g-)NCS-850 and (g-)NCS-1000. The most plausible bonding configuration of N 

on the surface is shown in Figure 6-5. The XPS measurements detect pyridinic-N at ~398.6 

eV, pyrrolic-N at ~400.1 eV and graphitic-N at ~401.6 eV on the catalyst surface, whereas 

no oxidic N could be found at ~403-404 eV.[35;355] 

 
Figure 6-4:  X-ray diffraction patterns of the NCS and g-NCS catalysts. 

NCS spheres that were nitrided at 550 and 700°C show high fractions of pyridinic and 

pyrrolic-nitrogen atoms. These contents decrease at higher temperatures in favor of an 

increase of the graphitic-N share, reaching around 50% for NCS-1000. A similar trend is 

found for the N-doped/nitrided graphitized carbon spheres, which show a higher content of 

graphitic-N for the samples treated at 850 and 1000°C, while mainly the amount of 

pyrrolic-N decreases slightly. Here we want to mention that the N(1s) signal of the catalysts 

nitrided at high temperatures is rather noisy, which results in a larger error when evaluating 

the quantitative amounts of each N configuration. This does not change, however, the 

trends resulting from the XPS data discussed later. 
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Figure 6-5:  XPS data; top: N configuration of the NCS and g-NCS catalysts; below: XPS spectra 

of N(1s) region for all catalysts with fitted signals indicating contributions from 

graphitic-, pyrrolic- and pyridinic-N; the XPS spectra of NCS-1000, NCS-850, NCS-

700 and NCS-550 are reprinted from Eckardt et al. [347] with permission from Elsevier. 

Focusing on structural aspects, the g-NCS-550 and g-NCS-700 samples exhibit XRD 

patterns characterized by very broad reflections around 22.5° and 43°, which is typical for 

amorphous carbon (Figure 6-4). Obviously, the minimum temperature required for the 

catalytic graphitization has not been reached for these g-NCS-550 and g-NCS-700. This is 

different for g-NCS-850 and g-NCS-1000, where successful catalytic graphitization is 
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proven by reflections at 26.16° (interplanar distance: d002 = 0.340 nm) and 26.27° 2 θ (d002 

= 0.339 nm), respectively, corresponding to the (002) crystal planes of graphite. Applying 

the Scherrer equation gives an average stacking thickness of the graphite layers Lc of 7.6 

nm and 8.6 nm, respectively, which matches very well to the thickness of the carbon fibers 

as detected in the TEM images. The degree of graphitization g is calculated using the 

interplanar distance d002: g = (0.344 nm – d002)/(0.344 nm – 0.3354 nm), with 0.344 nm for 

the interplanar distance in carbon with a turbostratic structure, and 0.3354 nm for the 

interplanar distance in a defect-free single crystal of graphite.[356;357] For g-NCS-850 and g-

NCS-1000, g values of 0.43 and 0.59 are calculated, respectively. The reflexes at 41.2° and 

43.6° are associated to the (100) and (101) crystal planes of the graphite lattice. 

Table 6-3: Position, ratio of the band areas AD/AG and full width at half maximum of the carbon D- 

and G-bands in the Raman spectra. 

All Raman spectra (Figure 6-6 and Table 6-3) of the N-doped carbon spheres show two 

bands at ~1350 cm-1 (D band) and ~1600 cm-1 (G band). The G band is due to the E2g in-

plane vibration mode of the graphite lattice and hence assigned to the sp2 carbon atoms 

inside the graphite layers; the D band is associated to the A1g in-plane breathing vibration 

mode occurring at the edges of sp2 carbon domains, which appear for structural defects 

and disordered structures. A relative degree of graphitization can be evaluated by the ratio 

of the band areas AD/AG; the higher the ratio, the more disordered the carbon material. We 

assume that with higher reaction temperatures the amorphous NCS samples become more 

ordered by rearrangement to turbostratic-type carbon, indicated by a declining AD/AG ratio 

(2.7 to 1.9) and a simultaneously decreasing FWHM of the D band. As a result of the 

structural change from amorphous (disordered) to more graphitic carbon, the AD/AG ratio of 

g-NCS-850 (1.2) and -1000 (1.0) as well as the FWHM of the D band drop significantly. In 

addition, the D* band (also named 2D or G’ band) at ~2700 cm-1 is observed as an overtone 

of the D band, which is in the shape we observed for g-NCS-850 and -1000, with a shoulder 

 

Sample Pos(D) / cm-1 Pos(G) / cm-1 AD/AG FWHM(D) / cm-1 FWHM(G) / cm-1 

NCS-550 1348 1598 2.67 303 78 

NCS-700 1338 1602 2.75 267 92 

NCS-850 1347 1601 2.54 235 90 

NCS-1000 1349 1601 1.87 188 102 

g-NCS-550 1345 1600 2.63 285 80 

g-NCS-700 1339 1601 2.76 266 92 

g-NCS-850 1345 1586 1.24 104 85 

g-NCS-1000 1347 1581 1.04 89 71 
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Figure 6-6: Raman spectra of the NCS and g-NCS catalysts. 

Table 6-4: Specific surface area (SSA), external surface area (ESA), micropore surface area 

(MSA) and micropore volume (MPV) by N2 sorption [SSA = ESA + MSA]. 

 

Sample N2 sorption 

 SSA / m² g-1 ESA / m² g-1 MSA / m² g-1 MPV cm³ g-1 

NCS-550 527 42 485 0.19 

NCS-700 575 39 536 0.21 

NCS-850 682 38 644 0.25 

NCS-1000 776 34 742 0.28 

g-NCS-550 503 39 464 0.18 

g-NCS-700 493 50 443 0.17 

g-NCS-850 206 168 38 0.02 

g-NCS-1000 182 129 53 0.02 



 
 
 

Synthesis of amorphous and graphitized porous nitrogen-doped carbon spheres as oxygen 
reduction reaction catalysts 

155 

 

Figure 6-7: N2 sorption isotherms of the a) NCS and b) g-NCS catalysts.  

around 2680 cm-1, typically obtained for ordered and disordered graphite.[358;359] The 

assignment of the low-intensity bands at e.g. ~860 cm-1 and ~2440 cm-1 is described in 

detail by Kawashima[360] and Dresselhaus et al.[358]. Higher N contents result in more defects 

of the carbon lattice and leads to an increase of the AD/AG ratio. Accordingly, NCS-700 and 

g-NCS-700, which exhibit the highest N content, show the maximum AD/AG ratio. For 

(amorphous) non-doped carbon the G band is located at ~1575 cm-1, N-doping shifts the G 

band to higher wavenumbers.[361] This is seen, e.g., for the NCS samples as well for g-NCS-

550 and g-NCS-700 with a position of the G band at ~1600 cm-1. As the N content lowers 

for g-NCS-850 and g-NCS-1000 the G band shifts back to 1586 cm-1  and 1581 cm-1, 

respectively. The NCS samples are highly microporous, which is indicated by the type I 

behavior of the N2 sorption isotherms (Figure 6-7), combined with a low external surface 

area compared to the specific surface area (Table 6-4). The micropore surface area 

increases with higher reaction temperature from 485 to 742 m² g-1, whereas the external 

surface area is relatively constant (34 - 42 m² g-1), leading to specific surface areas of 527 

m² g-1 for NCS-550 to 776 m² g-1 for NCS-1000. The formation of micropores is mainly 

caused by the loss of oxygen, hydrogen and carbon atoms due to gasification and the 

arrangement to turbostratic-type carbon after heat treatment, as described in more detail in 

our former publication.[238] The non-graphitized g-NCS samples of lower reaction 

temperature (g-NCS-550 and g-NCS-700) are very similar to their NCS counterparts 

regarding porosity and surface areas. With the onset of graphitization, however, the g-NCS-

850 and g-NCS-1000 samples develop a distinct mesoporosity (type IV behavior of the 

isotherms and a H2 hysteresis loop) (Figure 6-7), concomitant with a loss of the 

microporosity of about 66%. The formation of mesopores can be explained by the 

perforation and erosion of the graphitized N-doped carbon spheres (see Figure 6-2). The 

micropore system, located within the amorphous carbon, is partially lost with the 
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rearrangement to a more ordered graphitic structure of the carbon lattice. The drastic 

decrease of the micropore surface area leads to lower specific surface areas of 206 m² g-1 

for g-NCS-850 and 182 m² g-1 for g-NCS-1000 (compared to the non-graphitized analogues, 

NCS-850 (682 m2 g-1) and NCS-1000 (776 m2 g-1) (Table 6-4). For both sample series, NCS 

and g-NCS, an increase of the adsorbed volume is observed for higher p/p0 values, which 

can be correlated to the presence of interstitial macropores between agglomerated spheres. 

In summary, all N-doped carbon spheres of the NCS series, g-NCS-550 and g-NCS-700 

are amorphous presumably with only local graphenic structures. A structural change to 

graphitic carbon is observed for g-NCS-850 and g-NCS-1000. Amorphous carbon spheres 

show a smooth surface and distinct microporosity; upon graphitization the surface becomes 

partially perforated or eroded creating a mesoporous system. For both sample series, NCS 

and g-NCS, the C content increases while the amount of O and H decreases with higher 

reaction temperatures. The N-content has its maximum for (g)-NCS-700; graphitic carbon 

spheres reveal a lower N-content than their amorphous equivalents. Pyridinic, pyrrolic and 

graphitic-N bonding configurations are observed for all samples; here the percentage of the 

latter ones increases with higher reaction temperatures. 

   Table 6-5: Resistance measurements of the cat. films of NCS and g-NCS (without film: 2 Ω). 

Sample Resistance / Ω 

Nitriding T 550 700 850 1000 

NCS 3·106 ± 1·104 12 ± 4 5 ± 2 3 ± 2 

g-NCS 3·104 ± 4·103 22 ± 5 7 ± 4 5 ± 2 

6.3.2 Electrochemical and electrocatalytic results 

The electrocatalytic ORR activities of the amorphous and graphitized N-doped carbon 

materials in acidic electrolyte are compiled in Figure 6-8, showing a), d) the ORR current 

densities, b), e) the ring current densities and c), f) the hydrogen peroxide yield. First of all 

the data indicate that the carbon NCS-550 spheres are essentially inactive, while with higher 

nitriding temperatures the NCS samples are significantly more active. For the NCS-550 

sample, this inactivity is at least partly due to its high electric resistance determined in 

resistance measurements (Table 6-5). For all catalysts nitrided at temperatures >550°C, 

which show a rather low electric resistance (Table 6-5), conductivity effects can be 

neglected. 

Going to higher nitriding temperatures, the onset potential (potential @ 0.1 mA cm-2, Table 

6-6) increases with nitriding temperature. The most active sample, the NCS-1000 sample, 

shows an onset potential of about 0.75 V, which is, however, still more than 200 mV below 

that of the commercial Pt/C catalyst. Another important aspect of the N-doped carbon 
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spheres is that the current increase with overpotential is much slower than for the Pt/C 

catalyst. These catalysts do not reach the transport limited current indicated by the Pt/C 

catalyst, in fact, they do not seem to reach a constant current at all, indicating that kinetic 

limitations are active up to very high overpotentials.  

 
Figure 6-8:  ORR measurements: a) ORR disc current densities of the NCS catalysts and Pt/C, b) 

ring current densities of the NCS catalysts, c) hydrogen peroxide yield of the NCS 

catalysts, d) ORR disk current densities of the g-NCS catalysts and Pt/C, e) ring 

current densities of the g-NCS catalysts and f) hydrogen peroxide yield of the g-NCS 

catalysts, 1600 rpm, 0.5 M H2SO4, 10 mV s-1. 

Correlating the trend in the ORR activity, as indicated by the ORR onset potential and the 

current density, with the N content of the surfaces (Table 6-2) for the non-graphitized 

catalysts, we would expect the highest ORR activity for NCS-700, since here the amount of 

surface N is largest for each bonding configuration. The data in Figure 6-8 a show, however, 

a different trend, with the ORR activities of the NCS catalysts growing with increasing 

nitriding temperature. Hence, there is no direct correlation between the N surface content 

and the ORR activity of the catalysts, as shown in Figure 6-9. However, with increasing 

nitriding temperature, the microporosity increases strongly (Figure 6-9) and additionally we 

found a slight increase of the amount of graphenic structures in the catalysts, as indicated 

by the peak narrowing of the XRD and the decreasing AD/AG ratio as seen in the Raman 

signals. These structural changes may explain the increase of the ORR activity with higher 
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nitriding temperatures, since previous calculations indicated that the ORR activity of the 

nitrided carbon catalysts results from the carbon edge atoms of micropores in low-level N-

doped (graphitic- and pyridinic-N) graphene structures.[41;347] Thus, higher nitriding 

temperatures result in an increase of the proposed ORR active structures for the NCS 

catalysts. The amount of pyridinic sites, which is often correlated with the ORR activity of 

nitrided carbon materials,[35;339;345;346] is highest for the NCS-700 catalyst and decreases with 

higher nitriding temperatures. This is opposite to the trend of the ORR activity, which 

increases with nitriding temperature (Table 6-2). Similar, also the concentration of pyrrolic 

nitrogen sites decreases with increasing nitriding temperature, while the amount of graphitic 

N, which is sometimes also reported to be correlated with the ORR activity,[340-344] is only 

slightly lower for nitriding at 1000°C compared to nitriding at 700°C. Hence, none of these 

different nitrogen configurations can simply explain the trend in the ORR activity. This 

agrees with the results of DFT based calculations of a comparable model system, which 

showed that the active sites are not the N-sites themselves but rather carbon atoms at edge 

sites of pores in N-doped graphenic layers.[41] These calculations showed that too high 

amounts of N-doping and thus of graphitic N-sites can impair the ORR activity, in agreement 

with our observation that there is no simple correlation between the concentration of 

graphenic sites and the ORR activity. Instead, we suggest that for the catalysts presented 

here the changes in the ORR activity are mainly caused by the structural changes, in 

particular by the microporosity, which increases drastically with increasing nitriding 

temperature, rather than by the changes in the content of specific nitrogen configurations. 

 

Moving on to the graphitized g-NCS catalysts, the trend for the ORR activities is different. 

For the graphitized samples, the differences between the ORR activities at different nitriding 

temperatures are significantly smaller. The g-NCS-550 catalyst also suffers from a high 

Ohmic resistance of the catalyst film, which, however, is two decades lower than for 

Table 6:  ORR onset potentials (potential @ 0.1 mA cm-2) of the NCS and g-NCS catalysts in the 

               ORR measurements in Figure 6-8. 

Sample ORR onset potential / V 

NCS-550 0.50 

NCS-700 0.65 

NCS-850 0.70 

NCS-1000 0.75 

g-NCS-550 0.55 

g-NCS-700 0.65 

g-NCS-850 0.50 

g-NCS-1000 0.50 
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NCS-550. Accordingly, the g-NCS-550 sample is significantly more active than the NCS-

550 catalyst. The g-NCS-700 and NCS-700 samples show about the same ORR activity, 

and for nitriding temperatures of >700°C, the ORR activities are lower again and clearly 

below those of the corresponding NCS samples. 

 

Figure 6-9:  ORR onset potential (potential @ 0.1 mA cm-2) as a function of the micropore surface 

area (MPSA) and N surface concentration (XPS) for the NCS-catalysts. 

 

The higher ORR current for the g-NCS-550 catalyst compared to NCS-550 can be caused 

by the higher N content of the g-NCS-550 catalyst, but also by the lower ohmic resistance 

of the catalyst film (Table 6-5). Since the g-NCS-700 catalyst shows no graphitization of the 

carbon (see section 6.3.1) and also otherwise closely resembles the NCS-700 material 

(similar N configuration, N content, SSA/ESA and microporosity), it is not astonishing that 

these two materials show comparable ORR activities (Figure 6-8 a and d). Additionally, this 

result also strongly supports our claim that the acidic washing of the graphitized catalysts 

is able to largely remove the iron, since otherwise one would expect an increased ORR 

activity of g-NCS-700 material. Similar to NCS-850 and -1000, the N content for every N 

configuration decreases significantly with higher nitriding temperatures for g-NCS-850 and 

-1000, but the decrease is more pronounced for the graphitized samples. Similar to the NCS 

catalysts, our previous proposal that the ORR activity is related to carbon edge atoms at 

micropore structures in low-level N-doped graphene structures[41] can explain the decrease 

of the ORR activity of the g-NCS-850 and g-NCS-1000 samples compared with the non-

graphitized counterparts, since the amount of micropores is drastically lower after 

graphitization (g-NCS-850 and g-NCS-1000). 
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Overall, it seems that at higher temperatures (850°C) the graphitization process has a 

negative impact on the ORR activity of the carbon spheres because of the decrease of the 

number of micropores, and thus of ORR active defect sites.  

Finally, considering the selectivity for the 4-electron reaction pathway to H2O, which is highly 

important for technical applications (see Figure 6-8), we find that at potentials below 0.6 V 

the NCS-1000 catalyst, the best ORR catalyst in this series, has H2O2-yields of between 10 

and 20%, whereas the other catalysts show values between 20 and 40%. Regardless of 

that difference, the values are several times higher than the H2O2-yields obtained for 

commercial Pt-based catalysts (Figure 6-8). Hence, for technical applications in 

conventional PEMFCs, it is not only necessary to further improve the activity of nitrided 

carbon catalysts, but in particular also the selectivity for H2O formation. The trend of higher 

H2O2-yields at higher overpotentials furthermore clearly demonstrates that the slow 

increase of the measured current densities towards the transport limited current cannot 

result from a transition from 2-electron to a 4-electron pathway with increasing overpotential. 

 

Figure 6-10:  ORR onset potential (potential @ 0.1 mA cm-2) vs. nitriding temperature of NCS, 

g-NCS, TiON@NCS[238] and TaON@NCS[285]. 

The N-doped carbon spheres investigated in the present study were previously used as 

conducting carbon cores for composite catalysts (summary of the results in Figure 6-10), 

where they were covered by a layer of nitrided TiO2 (TiON@NCS / TiON@CN)[238] or nitrided 

TaxOy (TaON@NCS / TaON@CN)[285]. The covering was supposed to serve two purposes, 

on one hand being responsible for the ORR activity and on the other to protect the (nitrided) 

carbon core against corrosion. In those studies, we used the same procedure for N-doping 

as applied in the present work, which resulted not only in doping of the oxide shell, but also 

the carbon core. It was not clear, whether the significant ORR activity of these composite 

materials is due to the oxynitride shell or also or perhaps even predominantly caused by the 
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nitrided carbon cores. Further insight shall be given by the present study. However, one has 

to keep in mind, that a quantitative comparison will not be possible. We do not expect 

nitriding to give the exact same results with and without the presence of an oxide shell due 

to accessibility and diffusion limitations.   

For TiON@NCS we found in general similar ORR characteristics as in the present study, 

with a significantly lower slope of the kinetic ORR current densities in the onset potential 

range than for Pt/C, and a purely transport limited region was not reached. In this case the 

most active sample was that obtained upon nitriding at 850°C, with an ORR onset at about 

0.8 V, in contrast to the best NCS-1000 catalyst, where similar ORR activities were found 

after nitriding at 1000°C. Nitriding at 700°C and 1000°C led to lower activities for the 

composite materials, with an ORR onset at about 0.6 V. For the TiON@NCS samples this 

can be explained by the structural development of the oxynitride shell upon nitriding. For 

TiON@NCS-1000 the SSA and MPSA are lower than for the TiON@NCS-850 for the latter 

one a pronounced mesopore formation of the TiON shell resulted in a better accessibility of 

the N-doped carbon core in the electrochemical studies, which also resulted in a better 

performance. For the NCS samples, only the microporous character becomes more 

pronounced with increasing nitriding temperature. Hence, the ORR performance cannot be 

assumed to be identical in both cases, even if it were dominated only by the carbon core. 

Therefore, a simple quantification of the effect of the shell on the ORR performance is not 

possible. Nevertheless, it is clear from this comparison that the oxynitride shell does not 

lead to a general improvement of the ORR performance of the nitrided carbon spheres. This 

is true also for the H2O2-yields, which tend to be similar if not higher on the TiON@NCS 

composite catalysts (20 – 40%) than on the nitrided carbon spheres. 

A similar comparison with the TaON@NCS catalyst shows even more distinct differences. 

For these composite materials we found a clear ORR activity only after nitriding at 1000°C. 

Only the sample TaON@NCS-1000 exhibited a mesoporous shell, thus improving access 

to the N-doped carbon core. The resulting TaON@NCS-1000 catalyst features a rather 

similar onset (0.7 – 0.75 V) as the NCS-1000 sample, and a similar j-E characteristic, but 

somewhat lower current densities. However, for these composites the differences in 

porosity / surface area between the oxynitride covered spheres and the pure nitrided carbon 

spheres are even more pronounced, with substantially lower surface areas for the 

TaON@NCS catalysts. Hence, in these cases direct comparison of the ORR performance 

after similar nitriding temperatures are even less possible. Nevertheless, for nitriding 

temperatures above and below 1000°C, the TaON layer seems to block the ORR activity of 

the nitrided carbon cores. Also when comparing the H2O2-yields of the TaON@NCS 

composites,[285] we find no advantage of the composite catalysts since the hydrogen 
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peroxide yields are around 40% for all catalysts, which is higher than the values obtained 

for the pure nitrided carbon spheres (mostly around 20%). 

Overall, the present findings underline that the metal (oxy)nitride shell of the composite 

catalysts does not lead to a general improvement of their ORR performance. Within the 

presented series of catalysts, the non-graphitized, carbon spheres nitrided at 1000°C are 

the most suitable Pt-free ORR catalysts. Further work is needed, however, to improve the 

relative high peroxide yields obtained so far. 

 Conclusions 

The N-doped carbon spheres (NCS) synthesized in the present work are characterized by 

a well-defined spherical shape and smooth surface. Originating from glucose, the carbon 

matrix of the spheres initially contains oxygen- and hydrogen-based functional groups. The 

N content (pyridinic, pyrrolic and graphitic bonding configurations) has its maximum for 

nitriding at 700°C. The carbon structure is amorphous as proven by XRD and TEM 

measurements, with an increasing tendency to turbostratic-type carbon with higher reaction 

temperatures.  

Graphitized carbon spheres were synthesized with the aid of an iron oxide catalyst at the 

respective nitriding temperature. For g-NCS-550 and g-NCS-700 materials, the minimum 

temperature required for the catalytic graphitization is not reached yet, therefore their 

properties are almost equal to the amorphous NCS counterparts. Graphitization at higher 

temperatures leads to the formation of mesopores, combined with the loss of the micropore 

system. Within the spheres clew-like strings are observed, their thickness matches the 

average stacking thickness of the graphite layers Lc, leading to the conclusion, that the 

graphite layers are arranged along the longitudinal axis of the strings. The N content of the 

g-NCS catalysts is lower compared to the NCS samples, resulting in a less efficient 

substitutional N-doping for graphitized carbon spheres. 

The nitrided amorphous carbon spheres show a high ORR activity when nitrided at high 

temperatures (1000°C), which, however, resulted in the lowest N content for all three N 

configurations of all NCS catalysts. We attribute the high ORR activity of this catalyst to the 

large amount of micropores (ORR active C edge atoms) in low-level N-doped graphenic 

structures. The graphitization (g-NCS) seems to hinder the ORR activity even after high 

nitriding temperatures, because of the strong decrease of the micropores compared to the 

non-graphitized catalysts. In that picture the ORR activity is not associated directly to one 

of the N sites, but strongly depends on the amount of defect sites and thus on the 

microporosity / graphitization of the carbon surface, in combination with a low N-doping. 

These correlations between structure and ORR activity can be used to further improve the 

catalytic activity of N-doped carbon catalysts towards the ORR. 
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7 Microscopic electrode processes in the four-electron 

oxygen reduction on highly-active carbon-based 

electrocatalysts 

The content of this chapter was published in reference [41] and is reprinted and adapted 

with permission from ACS Catal. 2018, 8, 8162–8176 (10.1021/acscatal.8b01953). 

Copyright ©2018 American Chemical Society. The experimental section was removed and 

the information added to the experimental part in chapter 2 of this work. Furthermore, the 

content and structure were adjusted to the style and layout of this work by adapting the 

numbering of the sections, the references, the figures and the spelling. 
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The theoretical DFT calculations were performed by K. Sakaushi, A. Lyalin and 

T. Taketsugu.  
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 Abstract 

Nitrided carbon (CN) catalysts have attracted considerable interest as promising Pt-free 

alternative to standard Pt/C catalysts in the ORR. Aiming at a better understanding of the 

microscopic reaction mechanism and of the nature of the reaction limiting step, we have 

investigated the ORR kinetics and in particular the kinetic isotope effects (KIEs) therein for 

three different CN catalysts with different nitrogen contents. The measurements were 

performed using ordinary and deuterated water electrolytes, and in both, alkaline and acidic 

solutions. From an analysis of the ORR kinetics on the most active CN-I catalyst, including 



 
 
 

Microscopic electrode processes in the four-electron oxygen reduction on highly-active carbon-
based electrocatalysts 

164 

the kH/kD ratio and the transfer coefficients, and from DFT based computations, we derive 

that the first proton-coupled electron transfer (PCET) acts as the potential determining step 

(PDS) under acidic conditions and the first electron transfer under alkaline conditions. For 

the other CN catalysts with higher N concentrations we found significantly lower ORR 

activities. The DFT calculations support these conclusions and observations, showing that 

the formation of the OOH* intermediate as a result of the first PCET to the metastable 

adsorbed O2 is the key step for an efficient ORR on CN electrocatalysts in acidic condition, 

acting as PDS. Furthermore, they show that both the configuration of adsorbed O2 and the 

N-doping content sensitively affect the reaction pathway. This explains the experimental 

observation that only low nitrogen-doping levels support an efficient ORR pathway. The 

work provides detailed insight into the microscopic mechanism of the ORR on the complex 

surfaces of CN catalysts and its dependency on the content and configuration of the N 

dopant atoms. 

 Introduction 

The detailed mechanistic understanding of the ORR has been a challenge since decades 

for commonly studied active metals electrodes such as Pt.[27;362-366] This is even more the 

case for novel compound electrode materials such as nitrided carbon-based 

electrocatalysts (CN), which have been developed in the search for Pt-free, but 

nevertheless highly active and stable ORR, catalysts. So far, a variety of different carbon-

based electrocatalysts have been synthesized,[152;367-379] and although they are still less 

active compared to platinum-group-metals (PGMs), some of the CN exhibit very promising 

activities.[152;378;380] For CN, the pyridinic chemical structure of the incorporated nitrogen into 

the edge of the graphitic network seems to be a key for both activity and 

selectivity.[35;159;381-383] The microscopic mechanism is, however, still open-to-debate, even 

for the ORR, which can be considered as the architype of oxygen-related multi-electron, 

and multi-proton transfer reactions.  

As it is intensively discussed for a wide spectrum of electrocatalysts,[363;384-386] the most 

controversial point for the four-electron ORR on CN is also the limiting reaction step of the 

entire reaction process to form water from oxygen molecule (Figure 7-1). For example, this 

step may be represented by the first electron transfer and/or a proton transfer step, as it is 

assumed for the ORR on Pt catalysts.[363] For the present system, however, it is still unclear 

which elementary step is rate limiting at the relatively high overpotential and, thus is 

responsible for this and the low selectivity for the four-electron process. Hence, identification 

of this step is the first task in the analysis of any kind of electrode process. In addition to 

this, the identification of the limiting reaction step and its nature will be helpful for a 

theoretical analysis and for understanding the experimental observations. Here we note that 
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Figure 7-1:  Representation of the possible elementary steps during four-electron ORR (O2 + 4H+ 

+ 4e− ⇀ 2H2O) on carbon-based electrocatalysts. PCET, ET, and PT indicate proton-

coupled electron transfer, electron transfer, and proton transfer, respectively. Black 

and blue spheres in CN catalyst are carbon and nitrogen atoms, respectively. We note 

here that, as we discuss later, the ORR reaction mechanism is highly depended on 

the adsorption configuration of O2, such as the end-on adsorption with a single bond 

(so-called Pauling model) or a bridge model having two bonds with two sites and 

nitrogen-doping contents. These O2 configuration / nitrogen-doping contents can lead 

to elementary steps which are not shown in this figure. 

in addition to the established kinetic concept of the rate determining step (RDS),[387-390] 

electrode processes and their kinetics were recently described based on the 

thermodynamic overpotential of the individual reaction steps, which is particularly common 

in theoretical studies and which leads to the PDS.[31;391] In order to get more insight into 

ORR reaction characteristics on the CN, we studied kinetic isotope effects (KIEs) in the 

ORR,[33;192;392-394] using three different CN catalyst electrodes. The use of isotope effects to 

gain insight on microscopic electrode processes was intensively discussed by Horiuti and 

later by Conway.[395-397] In a recent publication,[192] we have shown that a KIE-based 
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electrode process analysis is a powerful approach to gain insight into complicated multi-

electron and multi-proton transfer reactions, which in combination with density-functional 

calculations can provide a solid basis for the understanding of the underlying microscopic 

electrode processes. This is also the objective of the present report, where we analyse and 

discuss the ORR kinetics on CN electrodes, using kinetic isotope effects to gain a deeper 

understanding of the complex microscopic mechanism of the ORR on these 

electrocatalysts. 

 Results and discussion 

7.3.1 Experimental analysis on ORR electrode process on CN 

The electrochemical analysis was based on RRDE measurements, which were performed 

at least three times for each catalyst electrode, taking the average currents. The resulting 

error bars are included in Figures 7-2 and 7-3. All potentials in this report are shown as 

overpotentials. In order to obtain the overpotentials, the potentials were converted to the 

reversible hydrogen electrode (RHE) or reversible deuterium electrode (RDeE) scales and 

subsequently to the overpotential scale (see experimental section for the calculation of RHE 

and RDeE scales). For the calculation of the pD in alkaline conditions, we have to mind that 

the dissociation constant of D2O is different from that of H2O. The procedure to characterize 

the powder electrocatalysts was developed by the group at Ulm University,[176;179] the 

evaluation protocol of the KIE was developed by the group at NIMS.[192] The surface 

composition of the CN, as determined by XPS, are summarized in Table 7-1.  

   Table 7-1: Surface composition of the CN electrocatalysts based on XPS measurements. 

Catalyst C / at.% N / at.% O / at.% Pyridinic-N 

/ at.% 

Pyrrolic-N 

/ at.% 

Graphitic-N 

/ at.% 

CN-I 93.9 0.5 5.6 0.1 0.2 0.2 

CN-II 87.5 6.8 5.7 4.6 0.0 2.3 

CN-III 69.6 23.5 6.9 12.0 1.7 9.9 

First of all, the ORR activities in 0.1 M KOH and 0.05 M H2SO4 solutions are discussed 

based on the diagrams of the overpotential (η) vs. the logarithm of the iR-corrected kinetic 

ORR current densities (Figure 7-2, see also Table 7-2): (1) we used current densities 

normalized by the mass of the electrocatalysts, and the overpotential was determined at a 

specific kinetic current density of 1 A g-1 (i.e., log jk (A g−1) = 0) (Figure 7-2 a and c); and (2) 

we used current densities normalized by the specific surface areas of the electrocatalysts, 

and the overpotential was determined at a specific kinetic density of 10−6 A cm−2 (i.e., log jk 

(A cm−2) = −6) (Figure 7-2 b and d). In order to focus on the analysis of the basic electrode 
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processes, only the kinetically controlled regions with low current densities are discussed 

in this report. 

Starting with catalyst CN-I (CN-1000), we find this catalyst to be both highly efficient (Figure 

7-2 a and c) and highly selective to show the four-electron process in a specific potential 

region (Figure 7-3) in both acidic and alkaline electrolyte. This catalyst contains only 

0.5 at.% of nitrogen, in various different chemical-structures, i.e., pyridinic-, pyrrolic-, and 

graphitic-N. It reached the log jk (A g-1) = 0 value at η = 0.31 V in alkaline and at η = 0.41 V 

in acidic electrolyte, respectively (Figure 7-2 and Table 7-2). Although it is in a limited 

potential region, this catalyst also shows a high selectivity for the four-electron process, as 

will be discussed later (Figure 7-3). 

  Table 7-2: ORR overpotential of the CN catalysts. 

Catalyst 

η / V at 

log jk = 0 A g−1 

(0.1 M KOH) 

η / V at 

log jk = −6 A 

cm−2
SSA/ECSA 

(0.1 M KOH) 

η / V at 

log jk = 0 A g−1 

(0.05 M H2SO4) 

η / V at 

log jk = −6 A 

cm−2
SSA/ECSA 

(0.05 M H2SO4) 

CN-I 0.31 0.38 0.41 0.51 

CN-II 0.36 0.43 0.68 0.76 

CN-III 0.41 0.43 inactive inactive 

Pt/C 0.16 0.16 0.24 0.22 

Both, the activity and the selectivity changed drastically if the chemical structure of nitrogen 

is modified and/or the nitrogen amount increases (CN-II, and CN-III), especially in acidic 

solution (Figure 7-2 c and Table 7-2). In 0.1 M KOH solution, the three catalysts (CN-I to 

CN-III) require almost the same η (0.3 to 0.4 V) to reach log jk (A g−1) = 0. From these 

observations, the CN were found to be active ORR electrocatalysts in alkaline conditions, 

although Pt/C (10 wt.% Pt on graphitized carbon, Sigma Aldrich) needs only η = 0.16 V to 

reach log jk (A g−1) = 0 and is, hence, still more ORR active than the CN-I catalyst. In 0.05 M 

H2SO4 solution, the differences are much more pronounced. While the CN-I catalyst needs 

an overpotential of 0.41 V to reach log jk (A g−1) = 0, this is almost η = 0.7 V for the CN-II 

catalyst and the CN-III catalyst shows no ORR currents in the measured overpotential 

range. Therefore, CN-I excels compared to the two other CN catalysts with its high ORR 

activity and selectivity in both high and low pH conditions. In 0.1 M KOH solution, there is a 

change of the electron transfer number (n) at 0.35 V (see Figure 7-3 a). In the region of η 

lower than 0.35 V, n is below 4, while at potentials higher than this, n becomes 4.  
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Figure 7-2:  a, b) Log jk vs. overpotential (η) diagram in (a) 0.1 M KOH, showing the mass specific 

current density (A g−1) (a) and the surface area normalized current density (A cm−2SSA) 

(b). c, d) As a), b) but using 0.05 M H2SO4. The mass specific current densities (A g−1) 

are normalized to the mass of carbon or platinum in the electrode. ECSA specific 

current densities (A cm−2ECSA) were used for Pt/C data in (b) and (d). All data are 

corrected for Ohmic drops (iR correction). The measurements were performed with a 

scan rate of 10 mV s−1 and a rotation rate of 1200 rpm. Error bars are shown for every 

10th data point. 

Changing to the SSA normalized current densities for the CN catalysts (A cm−2
SSA) and to 

the ECSA normalized current density for Pt/C (A cm−2
ECSA), the relative activities of the 

catalysts change somewhat, but the general trends are maintained (Figure 7-2 b and d). 

The ORR activities based on the SSA / ECSA were compared based on the overpotentials 

at a kinetic current density of log jk (A cm−2
SSA/ECSA) = −6 in both 0.1 M KOH and 0.05 M 

H2SO4 solutions, respectively. 

In the case of the 0.1 M KOH solution (Figure 7-2 b and Table 7-2), the SSA based activity 

of Pt/C is again the best among the different catalysts. The ORR activities of the CN in this 

overpotential region are quite similar in alkaline electrolyte. Although CN-I can activate the 
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ORR with a very low current of –log jk (A cm−2
SSA) = −8 at an overpotential of 0.25 V, which 

is impossible for the other CN, it requires almost the same overpotential of about 0.4 V to 

reach log jk (A cm−2
SSA) = −6 compared to the other CN.  

For the 0.05 M H2SO4 solution, the situation is quite different compared to 0.1 M KOH 

solution. In acidic condition, CN-I is again the best CN catalyst with an overpotential of 0.4 

V for reaching log jk (A cm−2
SSA) = −6, whereas it is 0.76 V for CN-II. 

These above results indicate the following three points: 

(i) The ORR electrode processes on the CN catalysts vary strongly with the pH. For 

example, in case of 0.1 M KOH solution, there is no significant difference in their 

activities, however, their activities are obviously different in the case of 0.05 M H2SO4 

solution (Figure 7-2 and Table 7-2). Hence, surface modification by nitrogen-doping 

affects the ORR only little in alkaline solution, but has a significant effect in acidic 

electrolyte. 

(ii)  Although the CN catalysts show a reasonably high mass specific activity, the surface 

area normalized current densities are low. For example, even the most active CN-I 

catalyst shows very low current densities compared to Pt/C (CN-I in 0.05 M H2SO4 

solution: log jk (A m−2
SSA) = −7.5 at η = 0.3 V, Pt/C in 0.05 M H2SO4 solution: log jk (A 

cm−2
ECSA) = −4.5 at the same η) (Figure 7-2 d). Hence, the difference between the 

current densities of Pt/C and CN-I is 3 orders of magnitude. 

(iii) In acidic electrolyte, a small amount of nitrogen-doping of less than 1 at.% results in a 

high activity for the carbon-based catalysts, while this activity is lowered by adding 

higher amounts of nitrogen such as 6.8 at.% (CN-II).  

Considering that CN-I contains only 0.5 at.% of nitrogen, only small amounts of nitrogen 

may be required for this highly active and selective oxygen reduction electrode surface. This 

low amount of nitrogen in the carbon support will mainly lead to local changes in the 

electronic structure of the carbon. Furthermore, the probability for additional neighboring 

nitrogen atoms will be low, which seems to be advantageous for the ORR activity of these 

materials. This suggests that individual pyridinic-N or graphitic-N species lead to the high 

ORR activity of CN-I. The increased nitrogen amount of CN-II and CN-III, in contrast, has a 

negative effect on the ORR activity. Here the overall electronic structure may change due 

to the more pronounced nitriding, with more closely neighboring nitrogen atoms in the 

nitrided carbon. 

In order to obtain further details on the ORR processes on CN-I, the KIE and the number of 

electrons transferred (electron transfer number n) were determined by detailed evaluation 

of the Tafel plots (Figure 7-3 and Table 7-3). Although this approach is relatively simple and 

based on a number of assumptions, it can provide insight into the complex electrode 

processes. The transfer coefficient analysis based on the Eq. 7-1 can provide details on the 
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ET in the RDS within the framework of transition-state theory,[398] where α, s, ν, β, and r are 

the transfer coefficient, the number of transferred electron before the RDS, the 

stoichiometric coefficients, the symmetry factor, and the number of transferred electrons in 

the RDS, respectively. It should be noted that this theoretical model assumes the absence 

of double-layer effects and a low coverage of reactants and products on the electrode. 

 𝛼 = 𝑠𝜈 + 𝛽𝑟,      Eq. 7-1 

α can be obtained from the Tafel slope b. Here we note that r should be 1 based on a 

potential energy profile method.[399] Therefore, fitting the remaining parameters are s, ν and 

β. We found that α changed its value at low and high overpotential regions (Figure 7-3 a 

and c), and introduce α1 and α2 as the values at low (α1) and high (α2) overpotentials.  This 

change may be due to a modification of the energetics of the reaction of the RDS, or to a 

change in RDS, where both may lead also to a change in coverages (of O-containing 

species).  

Moving on to the analysis of the kinetic isotope effect, CN-I shows a hydrogen/deuterium 

kinetic isotopic rate constant ratio (KH/D) of about 1 for the ORR in 0.1 M KOH (Figure 7-3 a, 

Table 7-3) in the whole potential region measured. As shown in the following, this indicates 

that the PT is not related to the RDS in a four-electron mechanism (Figure 7-3 a and b). If 

the first ET were the RDS, we would obtain s = 0 and r = 1 and therefore α = β from Eq. 7-1, 

since the symmetry factor (β) is 0 < β < 1. This confirms our observation on the CN-I catalyst 

in 0.1 M KOH solution, which shows that α1 = 0.87 ± 0.08 in the potential region of 0.25 to 

0.35 V and α2 = 0.56 ± 0.11 in the potential region below 0.35 V (Table 7-3, this potential is 

indicated as Transition potential in Figure 7-3 a and b). Other mechanisms, such as the 

third PCET or the last (= fourth) proton transfer, cannot result in α = β, because they would 

lead to α ≥ 1 (Eq. 7-1). Therefore, we suggest that the RDS in the ORR reaction on CN-I is 

given by the first ET. The other two catalyst materials, CN-II and CN-III, also show a KH/D 

close to 1 in 0.1 M KOH solution (SI: Figure 7-10 and Figure 7-11). Therefore, the first ET 

appears to be the RDS for all CN catalysts explored here in alkaline electrolyte. 

Table 7-3: Possible RDS in the ORR on CN-I in different electrolytes (subscript numbers 1 and 

2 show the values at low (below 0.35 V and 0.4 V in the alkaline and acidic solutions, 

respectively) and high overpotentials, respectively). 

Condition α1 α2 (KH/D)1 (KH/D)2 RDS1 RDS 2 

0.1 M KOH 0.87 ± 0.08 0.56 ± 0.11 1.13 ± 0.21 1.16 ± 0.23 ET ET 

0.05 M H2SO4 0.35 ± 0.03 0.43 ± 0.09 2.06 ± 0.27 2.67 ± 0.15 PCET PCET 

. 
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Figure 7-3:  Analysis of the electrode processes on CN-I. a) log jk-overpotential (η) diagram in 

ordinary and heavy water electrolyte, b) electron transfer number as a function of 

overpotential in alkaline electrolyte (0.1 M KOH and 0.1 M KOD). c) log jk-η diagram 

in ordinary and heavy water-based electrolyte, and d) electron transfer number as a 

function of overpotential in acidic electrolyte (0.05 M H2SO4 and 0.05 M D2SO4). The 

red and blue lines indicate fits to obtain the Tafel slope b as the slope of these lines 

in the lower (below 0.35 V and 0.4 V in alkaline and acidic solutions, respectively) 

and higher overpotential regions, respectively. Tafel slope b can be converted into 

the symmetry factor α via the relation shown in the experimental section. The 

measurements were performed with a scan speed of 10 mV s−1 and a rotation rate 

of 1200 rpm. Error bars are shown for each 10th data point. 

In 0.05 M H2SO4 solution, the CN-I shows a different electrode process behavior compared 

to the observation in 0.1 M KOH solution (Figure 7-3 c, d and Table 7-3) since its KH/D is 

about 2 and therefore, a proton transfer is involved in the RDS (Figure 7-3 c and Table 7-3). 

Indeed, there is a change in the slope and hence in the electrode process at around 0.4 V 

(indicated as Transition potential in Figure 7-3 c and d). At the same time, n was 4 at 
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overpotentials in the range of 0.35 – 0.40 V, and started to become less than 4 at higher 

overpotentials of 0.4 V. Since the value of α of CN-I in the low pH condition is again less 

than 1 below and above 0.4 V, this suggests that s = 0 and r = 1 in Eq. 7-1. Therefore, the 

RDS of CN-I in 0.05 M H2SO4 is given by the PCET in the first electron and proton transfer. 

From these observations, the RDS of the ORR on CN-I is different in 0.1 M KOH and in 

0.05 M H2SO4 solution. Indeed, for CN-I in 0.05 M H2SO4 we find that n becomes 4 at 

potentials lower than 0.4 V associated with a change of α from 0.35 ± 0.03 to 0.45  ± 0.09  

(Figure 7-3 c and d). This observation suggests that the change of the electrode process 

(which is illustrated by the change of α) is due to a change from the two-electron mechanism 

to the four-electron mechanism in acidic solution. A KH/D = 6.44 was determined for CN-II in 

the 0.05 M H2SO4 solution (Figure 7-12). While this may formally be interpreted as 

suggesting a PCET as the RDS, we think that also other effects, such as the effect of 

specifically adsorbed anions as spectator or interface water structures, may result in a high 

KH/D, and therefore refrain from giving a more definite proposal for the nature of the RDS, 

similar to the reaction on these catalysts in 0.1 M KOH solution (Figure 7-10). 

7.3.2 Surface analysis of CN catalysts  

While we could identify an ET and a PCET process as RDS in the ORR on the highly active 

and -selective N-doped carbonaceous CN-I electrocatalyst under high and low pH 

conditions, respectively, the nature of the active site and of the transition state is still 

unresolved. This is mostly due to the fact that the exact surface structure is largely unknown. 

The CN-I catalyst shows the lowest content of nitrogen with only 0.5 at.% in the nitrated 

carbon surfaces (Table 7-1). Assuming that the pyridinic-N, which is often considered as 

the key chemical-structure exhibiting ORR activity,[35;159] causes the high activity of CN-I, 

only 0.1 at.% pyridinic-N are responsible for the ORR activity (Table 7-1). On the other hand, 

if the highly-efficient ORR process is related to pyridinic-N, this process is extremely 

sensitive to the amount of overall nitrogen in the NC. Despite its higher pyridinic-N content 

of 4.6 at.% and essentially no pyrrolic-N, CN-II shows a lower activity, corresponding to a 

higher overpotential for log jk = 0, in both alkaline and acidic electrolyte compared to CN-I. 

Finally, CN-III is ORR inactive under low pH conditions, even though this catalyst contains 

more than 10 at.% of pyridinic-N. Apparently, electronic modifications introduced by 

nitrogen-doping, which are sensitive to the overall amount of nitrogen-doping, play an 

important or even decisive role for the ORR activity. Here we used temperature 

programmed CO2 desorption (CO2-TPD) experiments, which show that the CN-I catalyst 

exhibits only a weak Lewis basicity, even though a high Lewis basicity introduced by the 

pyridinic-N was postulated to be the key feature for a high ORR activity.[35] The weak Lewis 

basicity of CN-I is reflected by a CO2 desorption peak at around 420 K (Figure 7-4 a). CN-
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II, which contains almost exclusively pyridinic-N, shows a high Lewis basicity, which is 

indicated by a strong main CO2 desorption peak centered at around 530 K (Figure 7-4 b).  

Considering this discrepancy, it is questionable whether the present mechanistic ideas 

obtained for PGM electrocatalysts can be simply transferred to alternative catalyst concepts 

such as the CN catalysts. This discrepancy, however, also offers the chance to overcome 

the limitations in the ORR performance introduced by the scaling relations. These limitations 

are introduced by the fact that there should be a maximum activity of a given reaction, where 

the interaction with the catalyst surface is neither too strong nor too weak, i.e., the Sabatier 

principle.[31;400] In the case of the ORR on PGMs, the metal-O binding energy was identified 

as the relevant parameter. For CN catalysts, other scaling relations may apply, where the 

relation between O* binding energy and binding of the other reaction intermediates and 

product(s) is different than for metals.  

 

Figure 7-4:  CO2-TPD spectra recorded on (a) CN-I and (b) CN-II. 

Attempts to investigate the ORR on CN catalysts and identify the active site on these 

nitrided carbons by computational calculations require, however, more detailed structural 

information. Therefore, prior to the calculations, we checked the structure of the CN-II 

surface by TEM in order to design an appropriate model for the DFT calculations. For this, 
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we selected the CN-II catalyst, since the CN-I catalyst contains a too small amount of 

nitrogen to determine nitrogen specific structures based on an analysis by energy loss near-

edge structure (ELNES) spectroscopy at around the nitrogen K-edge. ELNES spectrometry 

was applied because it is an effective approach for obtaining detailed electronic structure 

information in microscopic areas.[401;402] Furthermore, CN-II contains only two chemical N-

structures with peaks at energies sufficiently separate to be distinguished (Figure 7-13). 

The position of these peaks was referenced by previous data.[403;404] A two-dimensional map 

of the chemical structure of nitrogen (N-2DCS map) was obtained on an area of 50 nm × 

50 nm, which is indicated by the yellow square in the TEM image in Figure 7-5 a. The 

resolution was fixed at 1 pixel per 5 Å×5 Å. The resulting relative intensities for pyridinic- 

and graphitic-N species are given in Figure 7-5 c and d. Furthermore, the surface of the 

CN-II catalyst was checked by high-resolution TEM imaging (Figure 7-5 b). A high-

resolution image, which was taken in the area indicated by the blue square in Figure 7-5 a, 

shows that the surface of CN contains defects, holes, edges, and also flat regions. By 

comparing the TEM images and the N-2DCS maps based on ELNES spectrometry, one 

can correlate the different nitrogen species with specific structural features. This led to the 

following conclusions: 

(i)  The pyridinic-N tends to be located at edge or defect areas, and its signal becomes 

weaker at less defective areas. 

(ii)  The graphitic-N is homogenously distributed. 

7.3.3 DFT analysis of the ORR on CN surfaces 

Based on the above observations, we designed a model of a carbon surface, which will be 

used for the DFT calculations to better understand the possible mechanism and tackle the 

question, why a low N-doping can give a superior ORR activity compared to a higher doping 

level. For the theoretical study, we focused on the acidic conditions, where the N content 

affects the ORR activity of the carbon-based electrocatalysts more strongly than in alkaline 

electrolyte (Figure 7-2 b). In previous theoretical studies, a wide variety of possible active 

sites for ORR on nitrogen-doped carbon materials has been investigated.[405;406] Here it 

should be noted that the structure of the carbon based electrocatalyst depends strongly on 

the synthesis procedure and conditions, which complicates comparison between 

experiment and theory and between different studies. Furthermore, it is likely that different 

active sites and defects with different topologies contribute to the reaction. Therefore, the 

structure of the model surface should reflect the structures observed experimentally in the 

specific experiment in their main features. Our experimental data indicate that the surface 

of CN contains a large number of small holes with 0.5 – 3.0 nm in diameter (Figure 7-5 b). 

In previous studies we found evidence that in 2D nanomaterials such as graphitic carbon 
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Figure 7-5:  Microscopic characterization of CN-II by TEM imaging and ELNES spectroscopy. a) 

TEM overview image. Yellow and blue squares see below, the numbers at the corners 

refer to the numbers in (c) and (d). b) High-resolution TEM image of the area indicated 

by the blue square in (a). c) N-2DCS map of the area marked by the yellow square in 

(a), showing pyridinic-N. d) As (c), but showing graphitic-N. The resolution of ELNES 

was fixed as 1 pixel = 5 Å×5 Å. 
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Figure 7-6:  Model structures of the carbon based electrocatalyst with small ~1.5 nm pores (a) 

without N-doping, b-d) CN structures with (b) pyridinic-N and (c) graphitic-N at a low 

atomic concentration of 0.4 at.%, and d) CN structure with graphitic-N at an atomic 

concentration of 7.3 at.%. Graphitic-N is distributed in the structure randomly. Carbon 

atoms are yellow-colored, nitrogen atoms are magenta, and terminating hydrogen 

atoms are blue. 

nitride or hexagonal boron nitride nanosheets the edges of pores or edges of small 2D 

islands can be very active to catalyze reactions such as the ORR, HER or water 

dissociation.[383;407] Considering this and our present experimental data we designed a 

simple model for a carbon catalyst structure, which consists of a 12×12 supercell of 

graphene with a pore of about 1.5 nm in diameter in the center, as shown in Figure 7-6 a. 

The inner edges of the pore contain elements of the zigzag-like type of the H-terminated 

edges as well as elements of the armchair-like type of junctions of the zigzag edges. This 

model can of course not represent the whole variety of the possible active sites in CN 

catalysts, however, it mimics the important element of the CN structures observed 

experimentally. Moreover, it allows to avoid the edge magnetization and spin-polarization 

effects known for extended carbon nanoribbons with zigzag edges, which result in the 

formation of localized edge states with energies close to the Fermi level.[408;409] Different 

total nitrogen concentrations were considered, starting from 0.4 at.% corresponding to one 

pyridinic- N (denoted as p-N, Figure 7-6 b) or one graphitic-N (denoted as g-N, Figure 7-6 c), 

and up to 7.3 at.% of homogeneously distributed g-N atoms (Figure 7-6 d). All structures 

considered are shown in Figure 7-14 of the SI. For the model catalyst shown in Figure 7-6, 

there are two non-equivalent sites for p-N, corresponding to zigzag-like sites and armchair-
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like sites at the edge of the pore. We have found that p-N located in the armchair-like site 

(Figure 7-6 b) is 0.1 eV more stable in comparison with the zigzag-like site. Therefore, only 

the p-N in armchair-like edge positions were considered for further analysis. 

The overall ORR can be written in the following simplified form: 

O2 + 4H+ + 4e− → 2H2O     Eq. 7-2 

which does not reflect, however, the complicated multiple electron- and proton-transfer 

steps in the reaction. To obtain more insight into the mechanism of ORR on the model CN 

electrocatalysts, we followed the approach introduced by Nørskov and Rossmeisl, et 

al.,[31;410] and described in details by Keith et al.,[32;39] respectively. In particular, we studied 

the adsorption preferences of the reaction intermediates and products on a variety of 

different model catalyst surfaces and sites, and analyzed the change in the free energy, 

ΔG, for the ORR along the possible reaction pathways. Here we define the change in free 

energy, ΔG, with respect to the free, non-interacting H2 and O2 molecules in the gas phase 

and the bare catalytic surface. Details of the calculations of ΔG are given in the Supporting 

information. We have applied this method for modelling the ORR and the HER on a number 

of different surfaces.[383;411;412]  

 

Figure 7-7: Optimized geometries of adsorbed molecular O2* (left) and OOH* (O*…OH*) 

intermediates after the first PCET (right), resulting in O2 adsorbed on (a, d) the zigzag-

like site in an on-top configuration, on (b, e) the zigzag-like site in a bridge 

configuration, and on (c,f) the armchair-like site in a bridge configuration. Note the O-

O* bond breaking in e) and f). Carbon atoms are coloured yellow, oxygen atoms are 

red, and hydrogen atoms are blue.  
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Adsorption of molecular O2 on the catalyst surface is the first step of the ORR. The 

importance of this step is often underestimated because it is a chemical process which does 

not contribute to the potential dependence of the faradaic current.[37] We have found, 

however, that in the case of carbon-based electrocatalysts the adsorption configuration of 

O2 can sensitively affect the reaction pathway and hence, is crucially important to 

understand the overall microscopic mechanism of ORR. In order to obtain the most stable 

configuration of the adsorbed O2, we have generated and compared a large number of 

starting geometries (up to 30) by adding O2 in different non-equivalent positions and 

orientations on the surface. The starting structures have been optimized without any 

geometry constraints. A detailed description of the procedure can be found in our recent 

works and references therein.[411;412] 

According to the calculations, molecular O2 can be adsorbed on the carbon model catalyst 

mainly in 3 different configurations, as shown in Figure 7-7. In the case of zigzag-like 

adsorption sites at the edge of a pore, O2 can be adsorbed in a metastable on-top 

(Figure 7-7 a) and in a bridge (Figure 7-7 b) configuration with adsorption energies of 

+0.38 eV and +0.89 eV, respectively. The adsorbed metastable O2
* is strongly activated, 

with the O–O bond length elongated to 1.31 Å (on-top) and 1.52 Å (bridge) for both 

configurations. Here, the superscript (*) denotes the adsorbed state. The positive value of 

the adsorption energy of oxygen on the zigzag-like edge site means that the free O2 

molecule is energetically more stable, the energy barrier would hinder, however, 

spontaneous desorption of the molecule from the surface. The existence of metastable 

configurations of O2
* adsorbed on the various types of defects in N-doped graphene and 

carbon nanotubes has been discussed in detail in previous theoretical studies.[381;405;406] It 

has been shown that the free energy variation for O2 adsorption exceeds 1 eV for p-N at 

the ideal zigzag and armchair edge.[381] Therefore p-N atoms along such edges were 

concluded to not contribute to efficient ORR processes unless further modifications of edges 

are introduced.[405] On the other hand, it has also been shown that a single g-N dopant atom 

inside of the basal plane of graphene is not favorable for the O2 adsorption because the 

activation barrier is about 3.5 eV. Therefore, individual g-N dopants in the ideal graphene 

do not contribute to ORR activity either.[381;406] Finally, it was demonstrated that introduction 

of the various types of defects to graphene such as mono-vacancies (MV), Stone-Wales 

(SW) defects and curvature effects can considerably reduce the activation barrier for O2 

adsorption.[406] Adsorption on the armchair-like site results in stable adsorption with an 

adsorption energy of -0.27 eV of the activated O2
* in a bridge configuration (Figure 7-7 c). 

In this case, the on-top configuration is not stable and spontaneously transforms into the 

bridge configuration. In the following we will show that the edges of the pores in the N-doped 

graphene sheets can serve as efficient active sites for O2 adsorption followed by ORR. 
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Figure 7-8:  Change in free energy for ORR intermediates upon (a) O2 adsorption, (b) first e− + H+ 

pair transfer, (c) second e− + H+ pair transfer and (d) third e− + H+ pair transfer as a 

function of N content in the model carbon catalyst at a potential U = 0 V vs. RHE. The 

free energy values are referenced to that of the free O2 molecule and the bare surface. 

Dotted horizontal lines correspond to the ideal change in free energy calculated for the 

maximum value of the potential vs. RHE, 1.23 V. Black and red lines / symbols 

correspond to adsorption on the zigzag- and armchair-like sites, respectively (see 

figure). Solid and dashed lines correspond to the ORR intermediates formed from the 

on-top and bridge parent configurations of the adsorbed O2 (see text).  

Figure 7-8 shows the dependence of the adsorption energies of O2 on the adsorption site 

and on the concentration of N dopants. Nitrogen-doping at the edge of the pore with p-N 

(Figure 7-7 b) breaks the symmetry, resulting in the formation of non-equivalent adsorption 

sites along the pore’s edge. O2
* was found to bind weaker in the vicinity of the p-N dopant 

compared to adsorption at the pure N-free pore sites. Individual p-N species at the edge of 

the pore destabilize oxygen adsorption in the vicinity of the p-N site by about 0.1 eV 

compared to adsorption on the N-free edge sites. Relative to the free O2 molecule, O2
* is 

0.40 eV and 1.01 eV less stable for the on-top and bridge configurations on the zigzag-like 

sites, respectively, but 0.14 eV more stable for the bridge configuration on the armchair-like 

site. On the other hand, doping the system with homogeneously distributed g-N results in a 
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stabilization of the on-top configuration of O2
* on zigzag-like sites compared to the low 

doping of pyridinic-N situation, leaving the O2
* species at free energies of +0.09 - +0.22 eV 

relative to the free O2 molecule. Here it is important to keep in mind that all adsorption 

configurations discussed so far are metastable with respect to free O2. Only for the bridge 

configuration of O2
* on armchair-like sites, the corresponding values of ΔG exhibit negative 

values between −0.29 and −0.45  eV, depending on the concentration of g-N, as shown in 

Figure 7-8 a by the dashed red line. Hence, these species are stable adsorbed. 

Interestingly, g-N-doping drastically affects the stability of O2
* adsorbed in the bridge 

configuration on zigzag-like sites, as shown in Figure 7-8 a by the dashed black line, or 

more precise, it lowers the instability of this adsorption configuration compared to the free 

O2 molecule, from +0.9 eV for adsorption on the N-free ‘pure’ site to +0.71 at a low 

concentration of g-N of 0.4 at.% to around 0 eV for high g-N concentrations of g-N of 

7.3 at.%. Figure 7-8 a also demonstrates that for high concentrations of g-N atoms (3.9 and 

7.3 at.%) the on-top configuration of O2
* is energetically less favourable compared to the 

bridge configuration, both for the zigzag- and armchair-like adsorption sites, while for the 

other N-free and N-doped porous carbon catalysts adsorption in the on-top configuration is 

more stable than in a bridge configuration on zigzag-like sites. Nevertheless, also here on-

top adsorption is less stable than to free O2. In all configurations, adsorption on armchair 

type bridge sites is most stable, and stable also with respect to the free O2 molecule. This 

is most pronounced for low concentrations of g-N species (0.4 and 1.3 at.%).  

To gain more insight into the mechanism of O2 adsorption on the model CN  catalysts we 

calculated the spin polarized local density of electronic states (LDOS) projected on the 

carbon atoms at the edge of pores for the different concentration of graphitic-nitrogen in 

CN, as shown in Figure 7-14 in the SI. The nitrogen-free model catalyst (Figure 7-6 a) is a 

semiconductor with a band gap of 0.58 eV (see SI: Figure 7-15 a), contrary to the 

unmodified graphene which is a perfect semimetal with the DOS at the Fermi level being 

equal to zero. Thus, the formation of pores in the graphene modifies its electronic structure, 

opening the gap. On the other hand, doping the model catalyst with graphitic-nitrogen 

results in formation of the electronic states below the Fermi level, turning the edge of the 

pores to metallicity (see SI: Figure 7-15 b – e). These electronic states below the Fermi 

level promote oxygen adsorption and activation at the edge of the pore due to enhanced 

electron-donation into the anti-bonding 2π* orbital of the adsorbed O2. As will be shown 

below, these features of O2 adsorption are very important for understanding the mechanism 

of the ORR on the porous N-doped carbon catalysts. 

Figure 7-8 b, c and d demonstrate the changes in free energy for ORR intermediates after 

the first, second and third e− + H+ pair transfers, respectively, for adsorption at the same 

sites as discussed above, also at a potential of U = 0 V vs. RHE. Dotted horizontal lines 
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correspond to the ideal change in free energy ΔGi = neU calculated for one e− transfer, 

where U = 1.23 V,  n is the number of proton-electron pairs and e is the elementary charge.38 

After the first proton-transfer to the molecular O2
* adsorbed in the on-top configuration, the 

resulting OOH* intermediate remains in on-top configuration (Figure 7-7 d). For the pure 

carbon system and the model system with one p-N, the calculated values of ΔG(OOH*) in 

the on-top configuration are about −0.7 – −0.6 eV (Figure 7-8 b), leaving the product 0.5 – 

0.6 eV less stable than the ideal theoretical value of −1.23 eV. In contrast, for the model 

catalyst with g-N dopants, the ΔG(OOH*) value is in the range of −0.84 - −0.98 eV, leaving 

the OOH* intermediate closer to the ideal energy indicated by the dotted black line 

(Figure 7-8 b). Independent of the N-doping, proton-transfer to the molecular O2
* adsorbed 

in either of the bridge configurations results in the breaking of the O–O bond and formation 

of rather stable interacting O*…OH* pairs at the edge of the pore, with ΔG between −1.5 

and −2.0 eV (Figure 7-8 e, f). 

Starting again with the OOH* adsorbed in an on-top configuration at the zigzag-like edge 

results in the following step: the second proton-transfer OOH* + H+ + e− → O* + H2O leads 

to the formation of a water molecule and an O* intermediate at the edge of the pore. 

Energetically, the resulting configuration is about 0.4 eV less stable than the ideal 

theoretical value of −2.46 eV (see the dashed black line in Figure 7-8 c), and this is rather 

independent of the N-doping level (see the full black line in Figure 7-8 c). Changing to for 

the bridged configurations, the proton-transfer to the O*…OH* pair formed before results in 

a formation of an interacting OH*…OH* pair both for the armchair-like sites (red dashed line 

in Figure 7-8 c) and the zigzag sites (black dashed line in Figure 7-8 c) at the edge of the 

pore, via the process O*…OH* + H+ + e− → OH*…OH*. Also, in this case the former 

configuration (OH*...OH* on armchair-like sites) is rather stable, well below the ideal energy 

of −2.46 eV, and varies little with N-doping level. For the latter configuration (OH*...OH* on 

zigzag sites), in contrast, adsorption on the p-N-doped surface is significantly less stable 

than that on all other surfaces. Furthermore, for high doping levels it is slightly more stable 

than the ideal value of −2.46 eV.  

The third PCET results in formation of an OH* intermediate, either via O* + e− + H+  → OH* 

or via a OH*…OH* + H+ + e− → OH* + H2O process. The total free energy change is about 

−3.6 - −4.0 eV with respect to the initial O2-free surface and a free O2 molecule, which is 

close to or even below the ideal theoretical value of −3.69 eV (see dotted black line), as 

shown in Figure 7-8 d.  

Overall, Figure 7-8 demonstrates that the configuration of the adsorbed O2 defines the 

overall ORR energetics. Adsorption of O2 in a bridge configuration results in the formation 

of the strongly adsorbing O*…OH* configuration of ORR intermediates. At lower 

overpotentials, these species may block the bridge sites, at least for some time, and hinder 



 
 
 

Microscopic electrode processes in the four-electron oxygen reduction on highly-active carbon-
based electrocatalysts 

182 

the further reaction. O2 adsorption on on-top sites, in contrast, has the potential to yield very 

promising energetics for the ORR. In the case of the N-free or p-N-doped carbon catalyst 

the on-top configuration of O2
* is much higher in energy than the free O2 molecule with the 

O2 free surface, which makes the first PCET highly unlikely. Small concentrations of g-N 

dopants of about 0.4 at.%, however, can stabilize the metastable O2
*, making this first step 

more favourable. Finally, for the large concentrations of g-N of 3.9 at.% and above, the 

bridge configuration of the O2
* at the zigzag-like edge becomes more stable in respect to 

the on-top configuration. This might favour a site change for the adsorbed O2
* to a bridge 

configuration at the zigzag edge configuration, which subsequently would result in O-O 

bond breaking and the formation of strongly adsorbed intermediates after the first PCET 

step, thus reducing the possibility for an effective ORR. 

A more quantitative understanding of the reaction process is gained from free energy 

diagrams for the four-electron ORR on the zigzag-like edge sites of the model carbon 

catalyst, which are plotted for different potentials in Figure 7-9 a and b, both for a low 

(0.4 at.%) and a high (7.3 at.%) N concentration, respectively.  

Starting with a low concentration of g-N dopants, we first consider adsorption of O2 molecule 

in a metastable on-top configuration at the zigzag-like edges of the pores, which is slightly 

endergonic. Since this is a purely chemical step, the energy will not vary with potential. The 

importance of the on-top configuration of the adsorbed O2 molecule on the zigzag graphene 

edges and Stone-Wales defects of the nitrogen-doped carbon catalysts has been reported 

in previous studies.[381;405;406] Reduction of the O2 molecule in this configuration leads to the 

OOH* intermediate, which is also adsorbed in an on-top configuration at the edge of the 

pore with and which is stabilized by ΔG = −0.86 eV at U = 0 V vs RHE. As one can see from 

Figure 7-9 a, the reduction of O2* to OOH* is still a downhill process at U < 0.86 V.  However, 

at potentials U > 0.86 V (which corresponds to the overpotential of 1.23 V – 0.86 V = 0.37 V) 

the OOH* intermediate becomes unstable (ΔG > 0), which can reduce the reaction rate and 

thus hinder the ORR. Note that such situation does not occur for metallic catalysts, where 

O2 is usually adsorbed in a stable configuration with ΔG < 0. This suggests that the first 

proton coupled electron transfer (PCET) step represents the PDS. This fully agrees with our 

conclusions from the experimental results. Finally, we would like to note that O2 adsorption 

on the armchair-like bridge sites, which stabilizes O2* species, will of course occur as well. 

It results however, in very stable ORR intermediates, which lead to site blocking and thus 

are not able to support an efficient ORR process (see Figure 7-8). 

Further reduction of the OOH* intermediate (on-top configuration) results in the O–O bond 

cleavage and in the formation of the first H2O molecule, together with an O* atom at the 

edge of the pore. After the transfer of two electrons and two protons, we obtained a 

theoretical value of ΔG = −1.92 eV at U = 0 V. The corresponding free energies at potentials 
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of 0.86 V and 1.23 V are indicated in Figure 7-9 a, showing a downhill process for the 

former, but an uphill process for the latter potential. In the third reduction step, the O* 

intermediate is reduced to the OH* species, with an overall change in the free energy of ΔG 

= −3.75 eV at U = 0 V. This step is downhill also for the other two potentials, 0.86 V and 

1.23 V. Finally, in the fourth reduction step, the OH* intermediate is reduced to the second 

H2O. This step is downhill for 0 V and 0.86 V, but uphill for 1.23 V.  

 

Figure 7-9: Free energy diagram for the four-electron ORR on the zigzag-like edge of the pore of 

the model carbon catalyst doped with a graphitic-N (g-N) at (a) a low (0.4 at.%) N 

concentration in an on-top configuration of the adsorbed O2 and (b) a high (7.3 at.%) 

N concentration in the bridge configuration of the adsorbed O2. The free energy values 

given are referenced to that of the free O2 molecule and the bare surface. The free 

energy diagram is shown at three different potentials: 0 V (solid black line), the most 

positive potentials (lowest overpotentials) where uphill steps are avoided of (a) 0.86 V 

and (b) 0.56 V (dashed red line, see text), and the equilibrium potential of 1.23 V (blue 

line).  

Finally, it should be noted that for the ORR at low N-doping levels (CN-I) and in acidic 

electrolyte, experimental kinetic analysis and computations both identify the first PCET as 

rate determining step (kinetic analysis) and as potential determining step (computations), 

respectively, despite the different underlying concepts. Hence, this step is clearly identified 

as decisive for the ORR. 

In the case of a high concentration of g-N species (Figure 7-9 b), the first reduction step 

leads to the formation of the rather stabilized O*…HO* pairs. In this case, the second 

reduction step is uphill for potentials higher than U = 0.56 V, corresponding to an 

overpotential of η = 0.67 V. This ideally fits to the large value of the overpotential of 0.68 V 

observed experimentally for CN-II (see Figure 7-2 a, and Table 7-2).  



 
 
 

Microscopic electrode processes in the four-electron oxygen reduction on highly-active carbon-
based electrocatalysts 

184 

 Conclusions 

Aiming at a detailed understanding of the ORR on N-doped carbon catalysts, we have 

investigated the ORR kinetics on three different nitrided carbon catalysts with different 

nitrogen contents in a combined experimental and theoretical approach, employing in 

particular an analysis of kinetic isotope effects on the experimental side. This leads to the 

following main conclusions: 

1. While N-doping strongly increases the activity of the carbon catalysts, the activity of the 

NC catalysts does not increase with the level of N-doping. Instead, the CN-I catalyst, 

which has the lowest nitrogen concentration among the three different CN catalysts, 

was found to be the most active, both in alkaline electrolyte and, even more 

pronounced, in acidic electrolyte. 

2. The kinetic analysis demonstrates that the RDS in the ORR on the nitrogen-doped CN-

I catalyst in 0.05 M H2SO4 solution is the first PCET. It results in the activation of the 

adsorbed O2 molecule by the simultaneous transfer of one electron and one proton, 

forming a OOH* species. For the same CN-I catalyst, but in 0.1 M KOH, experiments 

indicate the first ET as the RDS in the ORR. 

3. DFT calculations provide a detailed picture of the reaction mechanism on a CN model 

surface in acidic electrolyte, showing that zigzag-like edge sites at small pores in the 

CN catalyst doped with the graphitic-N atoms are active sites for catalyzing the ORR. 

They identify the first PCET as PDS on both the low N-doped and highly N-doped CN 

catalyst, in good agreement with results of the kinetic analysis (RDS), underlining that 

in both concepts this step is decisive. Furthermore, they reveal that both the adsorption 

configuration of adsorbed O2 and the N-doping content sensitively affect the reaction 

pathway and the activity for the ORR. This way, they can convincingly explain the 

experimental observation of a high activity of CN-I (low N-doping, <1 at.%,) and lower 

activities of the other CN with higher N contents. Finally, the good agreement between 

kinetic analysis (RDS) and computations (PDS) underline the DFT calculations  

Overall, the experimental and DFT data provide detailed information on the mechanism of 

the ORR on complex N-doped carbon catalyst materials, which are promising as a Pt-free 

alternative to the commonly used Pt/C electrocatalysts. In particular, they clearly indicate 

that a simple picture, with nitrogen in the carbon structures (pyridinic-N) serving as active 

site, cannot explain the observed activity trends and that more complex structures and 

effects have to be considered as well. 
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 Supporting information 

 
Figure 7-10:  Overpotential vs. mass specific current plot for the CN-II catalyst in alkaline solutions 

in ordinary and heavy water. 

 

Figure 7-11:  Overpotential vs. mass specific current plot for the CN-III catalyst in alkaline solutions 

in ordinary and heavy water. 
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Figure 7-12:  Overpotential vs. mass specific current plot for the CN-II catalyst in acidic solutions in 

ordinary and heavy water. 

 

Figure 7-13:  N-ELNES of CN-II spectra at a single pixel. The peaks indicated by blue and red lines 

correspond to pyridinic-nitrogen (397 eV) and graphitic-nitrogen (400 eV). 
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Figure 7-14: Model structures of the carbon based electrocatalysts with small ~1.5 nm pores (a) 

without N-doping, CN structures with (b) pyridinic-nitrogen at a concentration of 

0.4 at.% and (c)-(f) graphitic-nitrogen at concentrations of 0.4 at.%, 1.3 at.%, 3.9 at.% 

and 7.3 at.%, respectively. Graphitic-nitrogen is distributed in the structure randomly. 
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Figure 7-15:  Spin polarized local density of electronic states (LDOS) projected on the carbon atoms 

at the edge of a pore in the carbon catalysts (a) without nitrogen-doping and (b – e) 

doped with the graphitic-nitrogen at the atomic concentrations of (b) 0.4 at.%, 

(c) 1.3 at.%, (d) 3.9 at.%., and (e) 7.3 at.%. The Fermi level is indicated as a vertical 

dotted line. 
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8 The role of nitrogen-doping and the effect of the pH on the 

oxygen reduction reaction on highly active nitrided carbon 

sphere catalysts  

The content of this chapter was published in reference [347] and is reprinted and adapted 

with permission from Electrochim. Acta 2019, 299, 736-748 

(10.1016/j.electacta.2019.01.046). Copyright ©2019 Elsevier Ltd. The experimental section 

was removed and the information added to the experimental part in chapter 2 of this work. 

Furthermore, the content and structure were adjusted to the style and layout of this work by 

adapting the numbering of the sections, the references, the figures and the spelling. 

In chapter 8, we cooperated again with M. Wassner and Prof. N. Hüsing (University of 

Salzburg) as well as with K. Sakaushi, A. Lyalin and T. Taketsugu from the NIMS in Japan. 

The catalysts, synthesized by M. Wassner, were measured by me at the NIMS and 

furthermore, the TEM images were recorded and the XPS measurements evaluated by 

myself. In addition, I determined the electrochemical / -catalytical properties of the catalysts, 

evaluated the KIE results in this work and, finally, complied and wrote the entire chapter 8, 

except the theoretical calculations section, which was performed and written by 

K. Sakaushi, A. Lyalin and T. Taketsugu. 

Dr. T. Diemant (Institute of Surface Chemistry and Catalysis, Ulm University) performed the 

XPS measurements and the CO2-TPD experiments were contributed by Hitoshi Asahina 

(NIMS). 

This work was supported by the Deutsche Forschungsgemeinschaft (DFG) via ERA-

Chemistry [BE 1201/20-1], the FWF Austrian Science Fund [I 1259–N28], and the Japanese 

Society for the Promotion of Sciences (JSPS) KAKENHI 17K14546 and 16KT0047, as well 

as by the NIMS Battery Research Platform (ID: 1703E001) and the Ministry of Education, 

Culture, Sports, Science and Technology (MEXT) of Japan via the program "Priority Issue 

on Post-K computer" (Development of new fundamental technologies for high-efficiency 

energy creation, conversion/storage and use). K. Sakaushi is indebted in the Japan Prize 

Foundation for a Research Grant. The Internship at the NIMS was made possible by the 

NIMS Internship Program. This work contributes to the research performed at CELEST 

(Center for Electrochemical Energy Storage Ulm-Karlsruhe). 

 Abstract 

Aiming at a better understanding of the molecular scale mechanism of the oxygen reduction 

reaction (ORR) on metal-free catalysts, we have systematically investigated this reaction in 

a combined experimental and theoretical approach on a set of catalysts consisting of 

nitrided carbon spheres. These catalysts, which were prepared similarly, but applying 

https://doi.org/10.1016/j.electacta.2019.01.046
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different carbonization / nitriding temperatures, were studied in acidic and alkaline 

electrolyte. The physical properties characterization of both, the bulk materials and the 

surface, was performed by transmission electron microscopy (TEM), N2 sorption, X-ray 

photoelectron spectroscopy (XPS), CHN analysis and energy dispersive X-ray 

spectroscopy (EDX) and temperature programmed desorption (TPD) of CO2. 

Electrochemical and –catalytic properties were characterized by rotating ring disk electrode 

(RRDE) measurements. Mechanistic aspects were explored by kinetic analysis of the ORR 

and by evaluation of the kinetic isotope effect (H-D exchange), using deuterated electrolytes 

(KOD and D2SO4). In combination with density functional theory based calculations, these 

kinetic data provide detailed insights into the reaction mechanism and its dependence on 

pH effects. In acidic electrolyte, the first proton coupled electron transfer (PCET) is identified 

as rate determining step (RDS), while in alkaline electrolyte the first electron transfer (ET) 

to O2
*-

ad is rate determining, followed by fast protonation. The potential of these highly active 

catalysts and the influence of structural effects are discussed. 

 Introduction 

The reduction of molecular oxygen is a key reaction in energy conversion in fuel cells, which 

recently had gained increasing importance also in energy storage applications, e.g., in 

metal-air batteries and fuel cells.[413] Due to the high costs and limited abundance of Pt, 

there is an increasing interest in replacing the commonly used Pt and bimetallic Pt catalysts 

by alternative, Pt-free catalyst materials with low cost and simple synthesis procedures, 

even though their ORR activity cannot yet compete with that of Pt based 

catalysts.[75;124-126;132;238;241;285;414] Different approaches include catalysts based on non-

precious metals, e.g., Fe/C/N[241;414], on differently doped metal oxide / (oxy)nitrides[124-

126;132;238;285], or fully metal-free (or metal oxide free) materials such as nitrided carbon (CN) 

materials.[35;47;159;372;376;378] In addition to the lower activity, also the selectivity for H2O 

formation via a 4-electron-process becomes a major challenge when changing to noble-

metal-free catalysts.[38;238;243;285]  

As part of an ongoing extended effort to develop novel highly active and stable Pt-poor or 

Pt-free catalysts for the oxygen reduction reaction (ORR) based on doped oxide / 

(oxy)nitride type[55;129;202;238;285] and on CN type[192;285] materials, we here report results of a 

systematic, combined experimental and theoretical study on the mechanism of the ORR on 

well defined, nitrided carbon spheres. Selected preliminary results on the ORR activity of 

one sample were reported in reference.[192] Main tool of the study is the analysis of kinetic 

isotope effects (KIEs), which had been introduced by Yeager and coworkers for mechanistic 

ORR studies.[392;415] Later this approach was applied to a variety of different electrode 

materials, including Pt[416], Au[33], and, more recently, to noble metal free materials.[192;394;416]  
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Here we are specifically interested in elucidating the effect of structural changes in the 

material and the pH influence on the ORR. To pursue this goal, we used nitrided carbon 

spheres, which were previously found to be highly active for the ORR[192;238] and which can 

easily and reproducibly be synthesized.[417] These previous studies also indicated that 

different ammonolysis temperatures result in small changes in the amount of nitrogen and 

the N configurations at the surface and the overall structure of the nitrided carbon spheres, 

which can strongly influence the ORR activity.  

Before presenting and discussing the results of this work, we briefly summarize previous 

results important for the understanding. The ORR activity of nitrided carbon has been 

attributed to the presence of pyridinic-N[35;341], and Lai et al. also suggested that on an N-

doped graphene flake powder increasing amounts of pyridinic-nitrogen improve the onset 

of the reaction and the selectivity towards water formation.[341] On the other hand, 

graphitic-N was shown to promote the ORR activity.[418] Regarding latter, in a recent 

combined experimental / theoretical study our calculations indicated that low densities of 

graphitic-N increase the ORR activity of carbon atoms at the edges of small pores, while 

higher densities stabilize ORR intermediates, specifically O…OHad species, to an extent 

which hinders the efficient ORR at low overpotentials.[192] Despite of these results, details 

of structure-activity correlations on nitrogen-doped carbon materials are rare. 

Considering mechanistic details, the pH independent Tafel slope of 120 mV dec-1 commonly 

detected on metallic Pt electrodes / catalysts was associated with the first electron transfer 

as rate determining step (RDS).[29;362;419] Tse et al.[416] concluded that this RDS is not coupled 

with a proton transfer, since the KIE for the ORR on Pt/C was shown to be unity, 

independent of the pH. Hence, the proton does not participate in the RDS.  

Measurements of the KIE on Pt-free catalysts based on Fe/C/N revealed an influence of the 

deuterated electrolyte on the kinetics, which was also found to vary with the pH, suggesting 

a pH dependency of the RDS.[394;416] Even for the two different Fe/C/N catalysts investigated 

by those authors, different KIE values of 1.9[416] and 3.4[394] were reported for 0.5 and 

0.45 M H2SO4. 

For a more detailed understanding of the ORR mechanism and for identifying the RDS on 

CN-type materials, we recently performed a kinetic analysis of the ORR on a group of three 

materials with different nitrogen contents, by evaluating kinetic isotope effects introduced 

upon changing from normal to deuterated electrolytes, both at low pH (0.05 M H2SO4 / 

0.05 M D2SO4) and at high pH (0.1 M KOH / 0.1 M KOD). In these measurements we found 

that in acidic electrolyte the RDS involves a proton transfer,[192] in good agreement with 

results in a previous report.[416] In addition, we determined a non-linear correlation between 

nitrogen content and ORR activity, with a maximum activity at low nitrogen contents, while 



 
 
 

The role of nitrogen-doping and the effect of the pH on the oxygen reduction reaction on highly 
active nitrided carbon sphere catalysts 

192 

high amounts of graphitic-N result in a lower ORR activity.[192] In the present work, we focus 

on structural effects in CN materials with rather low amounts of nitrogen (<3 at.%). 

We will first describe the structural and chemical properties of the catalysts under 

investigation in section 8.3.1. Results of the electrochemical characterization of the nitrided 

carbon spheres are reported in section 8.3.2. The electrocatalytic measurements including 

the measurements of the KIEs in the ORR are presented and discussed in section 8.3.3, 

including also the results of the theoretical analysis. The main results and new insights 

gained from this work are summarized in section 8.4. 

 Results and discussion 

8.3.1 Physical characterization of the nitrided carbon spheres  

TEM images of the CN catalysts (see Figure 8-1) showed homogeneously sized spheres 

with an average diameter of 240 ± 40 nm. Even after intense electrochemical treatment 

(10000 cycles of square wave cycling between 0.4 and 1.4 V, holding each potential for 

1 s), we found no changes in the overall structure except for a smoothing of the surface due 

to oxidation of surface carbon (see Figure 8-11 in the supporting information). The stability 

of the spherical shape of the catalysts was determined by statistic evaluation of the 

difference between the area of the carbon spheres in the TEM images and the largest circle 

fitting inside the sphere, both before and after the electrochemical treatment for more than 

30 spheres each. The resulting difference is only about 2.5% from a perfect circle before 

(2.4 ± 1.7%) and after (2.5 ± 1.2%) the electrochemical treatment. Hence, the 

electrochemical measurement does not cause any significant change in the overall shape 

of the spheres. It should be noted, however, that TEM imaging on this scale can provide 

only information on the shape stability of the spheres and does neither resolve structural 

changes on an atomic scale nor gain information on chemical changes of the surface due 

to the electrochemical treatment. Previous Raman spectroscopy measurements revealed 

an amorphous structure of the carbon, with a tendency towards a turbostratic-type carbon 

with increasing nitriding temperature and thus a slight increase of the graphenic structures 

in the catalysts.[417] The surface area of the catalysts, which correlates with the 

electrochemical active surface area when assuming a homogeneous distribution of the 

active sites, was determined by N2 sorption. The resulting specific surface areas (SSA) are 

compiled in Table 8-2. They show an increase by about 50% from CN-550 to CN-1000. This 

is, however, mainly caused by an increase of the micropore surface area, which is 

accessible for electrochemical surface reactions only to a very limited extent.[238;285;417] 

Furthermore, electric resistance measurements of the catalyst films revealed a rather high 

resistance for the CN-550 catalyst, while higher nitriding temperatures resulted in a very 
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low electric resistance of the catalyst films, which indicates distinct structural and electronic 

differences between the CN-550 and the other catalysts.[417] 
 

  Table 8-1: Elemental analysis: Bulk composition (CHN and EDX) and surface composition with 

fractions of different N bonding configurations (XPS). 

Sample 
Elemental bulk composition 

/ at.% 

Elemental surface 

composition / at.% 

N bonding 

configuration / at.% 

 C H N O C N O Pyri. Pyrr. Gra. 

CN-550 81.6 11.6 1.0 5.8 92.42 0.87 6.71 0.45 0.32 0.10 

CN-700 87.0 5.8 3.6 3.6 92.21 2.54 5.25 1.29 0.86 0.38 

CN-850 92.7 4.1 0.9 2.3 93.52 0.76 5.72 0.29 0.31 0.17 

CN-1000 94.0 2.4 0.8 2.8 93.89 0.51 5.60 0.13 0.19 0.19 

  Table 8-2: Specific surface area (SSA), double layer charging current densities and surface 

reaction charge in the anodic scan of the CVs in Figure 8-4. 

Sample SSA / m2 g-1 jdouble layer / mA cm-2 surface reaction charge / mC 

  0.05 M H2SO4 0.1 M KOH 0.05 M H2SO4 0.1 M KOH 

CN-550 527 0.04 0.10 0.00 0.00 

CN-700 575 0.10 0.20 5.35 5.52 

CN-850 682 0.13 0.20 2.95 5.29 

CN-1000 776 0.28 0.36 2.23 5.23 

 

The overall elemental composition and the surface composition were characterized by CHN 

analysis, energy dispersive X-ray (EDX) analysis and XPS measurements. The resulting 

(surface) compositions of the catalysts are compiled in Table 8-1. For the bulk composition 

(CHN and EDX), we find that the carbon spheres consist mainly of carbon, whose relative 

content increases with higher nitriding temperature due to thermal decomposition of more 

volatile compounds of the spheres, which is indicated also by the decreasing contents of 

hydrogen and oxygen.[417] The nitrogen bulk content, in contrast, shows a maximum for 

nitriding at 700°C (CN-700) with 3.6 at.%. Increasing the nitriding temperature to 850 and 

1000°C decreases the bulk nitrogen content to 0.9 and 0.8 at.%, respectively. This 

dependency on the nitriding temperature during the ammonolysis is consistent with previous 

findings.[331] A similar trend is obtained for the surface composition from the surface specific 

XPS measurements (see Table 8-1). Hence, also the nitrogen surface content shows a 
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Figure 8-1:  TEM images of the CN catalysts after carbonization / nitriding at different 

temperatures as indicated in the figure. 

maximum for the CN-700 catalysts with 2.54 at.%. The surface oxygen content remains 

rather constant, in contrast to the bulk composition. This can be explained by a significant 

surface oxidation in air after nitriding, which contributes little to the bulk composition. 

Focusing on the XPS measurements for nitrogen, we show in Figure 8-2 a-d detail spectra 

of the N(1s) region with fits for pyridinic-N at ~398.6 eV, pyrrolic-N at ~400.1 eV and 

graphitic-N at ~401.6 eV [35]. The corresponding amounts of each N bonding configuration 

are listed in Table 8-1 and illustrated in Figure 8-2 e and f. They show that CN-700 contains 

the highest amount of N and also of each N configuration. With increasing nitriding 

temperature the N content decreases, and CN-1000 exhibits the lowest amount of total N 

and also of pyridinic-N (0.13 at.%) and pyrrolic-N (0.19 at.%). The lowest amount of 

graphitic-N was obtained for CN-850 (Figure 8-2 e). Looking on a relative scale (Figure 

8-2 e), increasing the nitriding temperature further results in a decrease of pyridinic-N and 

an increase of graphitic-N, whereas the fraction of pyrrolic-N remains nearly unchanged. 

Overall, the catalysts investigated here contain only low amounts of nitrogen, especially of 

the pyridinic-N, which was earlier suspected to be the key for the ORR activity of nitrided / 

N-doped carbon,[35] while our recent calculations indicate that electronic effects caused by 

graphitic-nitrogen-doping are at least equally important.[192] With differences of about or less 

than 1 at.% between the different N bonding configurations, the variation in the N surface 

content between the catalysts seems to be little.[417] On the other hand, structural details 
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vary significantly with increasing nitriding temperature, such as the increase of the 

micropore volume, the increase of the overall micropore surface area and the increasing 

amount of graphenic structures (see below). These structural modifications seem to have a 

tremendous influence on the ORR activity and possibly also on the nature of the rate 

determining step on these Pt-free catalysts.  

 

Figure 8-2: a - d) XPS detail spectra of the N(1s) region, e) relative contributions of the different 

N configurations to the total N content, and f) total amount of N (at.%) in the surface 

region, as measured by XPS. 
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Figure 8-3: CO2-TPD spectra of the CN-catalysts, with the ion currents normalized on the SSA. 

To probe possible changes in the adsorption behavior for the different CN materials, we 

performed temperature programmed desorption (TPD) measurements using CO2 as a 

probe molecule. In general, CO2 is commonly used to identify the Lewis basicity of 

materials.[35;420] The CO2-TPD spectra are presented in Figure 8-3. Note that the intensities 

are scaled to the specific surface area of the respective catalysts as determined by N2 

sorption. They reveal a similar onset for desorption at about 350 K for all catalysts, with a 

maximum at about 400 K. This peak position points to a medium Lewis basicity of the CO2 

adsorption sites. This is in contrast to previous suggestions that a high basicity might be the 

key for the ORR activity.[35] The CN-550 exhibits not only a high CO2 ion current density, 

but also a broad peak shape, indicative of a variety of different adsorption sites with 

increasing Lewis basicity, where the latter are suspected to be more active in the ORR.[35] 

The TPD measurements show the highest density of Lewis base sites for the CN-550 

catalyst, with about 5 µmol m-2, which is roughly equivalent to 0.1 monolayers. This was 

calculated from the amount of desorbed CO2 molecules in the TPD measurements per 

surface area. We attribute the high density of Lewis base sites to the relatively high contents 

of functional groups in the CN-550 catalyst, which are reflected also by the rather high 

hydrogen and oxygen contents (see Table 8-1). The CN-550 sample will, however, turn out 

as almost inert, which raises doubts in the simple correlation between ORR activity and 

Lewis basicity of the adsorption site. Even though CN-700 shows a similar onset for CO2 

desorption, the intensity and width of the TPD signal, and thus the amount of Lewis base 

sites, are much lower than those of the CN-550 catalyst. When comparing the CN-700, CN-
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850 and CN-1000 catalysts, we find a slight shift in the peak positions towards higher 

temperatures, pointing to a slightly higher Lewis basicity, with increasing carbonization / 

nitriding temperature. This shift is accompanied by a broadening of the desorption peak. In 

total, CN-1000 shows more CO2 adsorptions sites with higher Lewis basicity (1.5 µmol m-2) 

than CN-850 (1.3 µmol m-2) and CN-700 (0.7 µmol m-2), which might be related to the 

increasing microporosity of the catalysts and the growing amount of graphenic structures. 

This correlation breaks down, however, for the CN-550 catalyst, which shows the lowest 

microporosity, but the highest density of Lewis base site (5 µmol m-2). This will be discussed 

further together with the ORR results in section 8.3.3. 

8.3.2 Electrochemical characterization of the nitrided carbon spheres 

Figure 8-4 shows cyclic voltammograms of the catalysts in Ar saturated acidic (0.05 M 

H2SO4, Figure 8-4 a) and alkaline (0.1 M KOH, Figure 8-4 b) electrolyte. In these CVs, we 

find significant contribution from double layer charging of the electrodes, plus broad features 

associated with charge transfer due to adsorption / reduction or surface oxidation / reduction 

processes. Among these is the quinone / hydroquinone surface redox reaction (surface 

oxidation / reduction) of the carbon surface, which appears at potentials between 0.4 and 

0.6 V in acidic electrolyte and is typical for carbon materials.[324] In alkaline electrolyte, the 

CVs are essentially featureless, in good agreement with previous reports,[421;422] but exhibit 

a rather asymmetric general shape. At the cathodic potential limit, an increasing cathodic 

current points to the onset of hydrogen evolution. 

First focusing on the CVs in acidic electrolyte, the CN-550 catalyst shows the lowest current 

densities, which agrees also with the low SSA (see Table 8-2) found for this catalyst. The 

CV is dominated by the double layer charging current and a beginning hydrogen evolution 

below 0 V, no features related to additional surface reactions are detected. The double layer 

charging current density in the positive-going scan, which is indicated by the black 

horizontal line, is around 0.04 mA cm-2 (see Table 8-2). Going to the CN-700 catalyst, this 

shows a significantly higher double layer charging current, as indicated by the red horizontal 

line, and a distinct and broad redox signal from -0.2 to 1.0 V. The increase in double layer 

charging current fits to the trend of the increasing SSA with increasing nitriding temperature 

(see Table 8-2), although the difference in double layer charging is much more pronounced 

than the increase in SSA (note that the current densities are normalized to the geometric 

surface area, not to the SSA). We correlate this deviation with structural differences of the 

CN-550 catalyst compared to the catalysts nitrided at higher temperatures, which are 

related also to the higher resistance of the catalyst film. The latter in turn is responsible for 

the low double layer charging current densities on the CN-550 catalyst. The broad redox 

feature overlays with the carbon surface oxidation / reduction peak. Comparison with the 

CN-850 and CN-1000 catalysts, where this peak is much less pronounced, indicates that 
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this peak is typical for the CN-700 catalyst and therefore either related to a structural feature 

which is most abundant on this catalyst surface, or to the somewhat higher nitrogen content 

of this catalyst compared with the other ones. The charge density in this redox feature (see 

Table 8-2) was determined by integrating the area above the double layer current density 

(see the thin red line). Going to the CN-850 and CN-1000 samples, the double layer 

charging currents further increase again, following the trend of the SSA. Similar to the CN-

700 sample, we also find distinct redox peaks, which, however, are less intense. Their 

contribution will be discussed together with the CVs in alkaline electrolyte. 

 

Figure 8-4: CVs of CN-550, CN-700, CN-850, CN-1000 in Ar sat. a) 0.05 M H2SO4 and 

b) 0.1 M KOH, measured at a scan rate of 10 mV s-1. 

The CVs recorded in alkaline electrolyte are depicted in Figure 8-4 b, and the resulting 

double layer charging currents and reaction charges are listed in Table 8-2. The double 

layer charging currents in the positive going scan, which in this case are less obvious, are 

again marked as horizontal lines. Compared to the CVs recorded in acidic electrolyte, they 
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do not show the distinct redox peak, instead the currents decay continuously in the positive-

going scan and increase with a larger slope in the negative-going scan. The CN-550 shows 

again the lowest current densities and double layer charging current densities. Different 

from the measurements in acidic electrolyte, the CVs obtained on the CN-700 and CN-850 

catalysts are nearly identical, even though the SSA is larger for the latter catalyst. In 

agreement with the higher SSA, the CN-1000 catalyst shows again the highest overall 

current densities and double layer charge current densities. Interestingly, the double layer 

charging currents are significantly higher in alkaline than in acidic electrolyte (Table 8-2).  

Similar as for the CVs in acidic electrolyte we determined formal reaction charges by 

integrating the current above the double layer charging current, although because of the flat 

appearance of the CVs they could not be correlated with a reaction peak.  

In total, we find the double layer current densities to follow the trend of the SSA and increase 

with increasing nitriding temperature, although the increase is much more pronounced than 

for the SSA. For the charge in the redox peak, the trends are different. For the CN-550 

sample, this contribution is essentially absent, which may be related to effects connected 

to the rather high electric film resistance of that sample.[417] In acidic electrolyte, this charge 

decreases with increasing nitriding temperature and with increasing SSA, while in alkaline 

electrolyte it stays about constant. The discrepancy from the development of the SSA is 

most likely related to structural modifications of the (local) catalyst surface induced by the 

increasing formation of micropores with increasing nitriding temperature.[417] Another factor 

contributing to these effects may be a limited accessibility of the micropores in the catalysts 

for electrochemical surface reactions, which were considered to be mainly responsible for 

the increase in the SSA with higher nitriding temperature.[238] The discrepancy between 

acidic and alkaline electrolyte indicates, however, that other effects have to be considered 

as well, which so far are not identified. 

8.3.3 Electrocatalytic results 

The ORR activity and selectivity of the catalysts were determined in the RRDE set-up, using 

O2 saturated acidic and alkaline electrolyte at 1200 rpm. The IR corrected current densities 

are presented in Figure 8-5 (acidic) and Figure 8-6 (alkaline). For comparison, we also 

included results obtained on a commercial Pt/C (20 wt.% Pt) catalyst. Figure 8-5 a shows 

the ORR current densities (normalized to the geometric surface area), Figure 8-5 b the ring 

current densities and Figure 8-5 c the hydrogen peroxide yield calculated via equation 2-11. 

As expected from the essentially inert character indicated by the CV, the CN-550 catalyst 

shows only low current densities, in addition to a high overpotential (>1.0 V). Furthermore, 

the ORR is dominated by the 2-electron reduction to H2O2, with a peroxide yield of about 

100%. The low current densities might be caused by the low electric conductivity of the 
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Figure 8-5: a) ORR current densities, b) ring current densities, c) H2O2-yield of the CN samples 

nitrided at different temperatures and, for comparison, of a commercial Pt/C catalyst, 

recorded in O2 saturated 0.05 M H2SO4 (1200 rpm, 10 mV s-1). 

catalyst film found previously[417] and also indicated by the CVs above. For samples treated 

with higher nitriding temperatures, the situation improves drastically. Already the CN-700 

catalyst shows a steep increase of the ORR current starting at an about 0.3 – 0.35 V higher 

overpotential than the reference Pt/C catalyst. Furthermore, in contrast to many other 

reports for Pt-free catalysts this catalyst shows a well-established transport limited current 

regime, where the current is about constant. The fact that the transport limited current is 

only half of that observed on the Pt/C catalyst may partly be caused by the lower selectivity 

for H2O formation (see hydrogen peroxide yield in Figure 8-5 c), which lowers the number 

of electrons transferred per reduced O2 molecule. Going to higher nitriding temperatures, 

the ORR overpotentials decrease further for the CN-850 and even more for the CN-1000 

catalyst. For the latter, it is only about 0.15 – 0.2 V higher than that of the Pt/C reference. 

Also, the transport limited currents increase again. For the CN-1000 sample it has reached 

the level of the Pt/C catalyst. The onset at 0.9 V for CN-1000 is at slightly higher potential 
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than found for other CN materials in acidic conditions previously.[35] Furthermore, we found 

no correlation between the nitrogen content or the pyridinic-N content and the ORR activity. 

The most ORR active CN-1000 catalyst shows the lowest nitrogen / pyridinic-N surface 

content. Therefore, other structural and electronic changes related, e.g., to the 

microporosity, seem to be more important for the ORR activity than the nitriding itself. This 

will be discussed in more detail later.  

Here it should be noted that all measurements were reproduced several times, also with 

larger time spans in between. While for immediately reproduced measurements the 

differences in the general shape and in the onset potential were very small, measurements 

with longer time spans in between showed larger shifts of the polarization curves in the 

potential scale, up to 0.1 V, which may be related to catalyst ageing effects. Nevertheless, 

the general trends, in particular the differences between the different CN catalysts, were 

very reproducible.  

Another important aspect, in addition to the activity, is the selectivity of the catalysts for the 

4-electron pathway to H2O. Figure 8-5 c shows that the CN-1000 catalyst exhibits the best 

selectivity of all CN catalysts, with a rather potential independent hydrogen peroxide yield 

between 15 and 20%, after an increase of the hydrogen peroxide yield between 0.8 and 

0.6 V, which will be discussed in more details later. Hence, higher nitriding temperatures 

tend to improve the selectivity for H2O, while for the lower ones we obtain H2O2-yields of 

above 20%. In total, however, these values are more than a magnitude higher compared to 

Pt/C. Although practical applications would focus on the regime of lower overpotentials, 

between 0.6 and 0.8 CV regime, the selectivity needs to be improved substantially, since 

because of the disastrous effects of continuous H2O2 formation on the stability of membrane 

and carbon support, this would limit the long-term stability in practical applications.[42;48] 

Finally, these H2O2-yields also confirm that the lower transport limited currents on the CN-

700 and the CN-850 catalysts are partly a lower electron yield due to H2O2 formation. 

The ORR measurements in alkaline electrolyte (0.1 M KOH) in Figure 8-6 depict similar 

trends as in acidic electrolyte. All catalysts, except CN-550, reach a transport limited current 

density, and also in this case CN-1000 is the best performing CN catalyst, whose activity is 

even comparable with that of the Pt/C reference catalyst. The CN-850 and even more the 

CN-700 catalyst show higher overpotentials as well as lower transport limited current 

densities. The lower transport limited current densities compared to Pt/C and CN-1000 are 

again attributed to the significant H2O2-yield and contributions from inactive catalyst surface 

areas. It should be noted, however, that these differences in the transport limited currents 

do not affect the current densities in the kinetic region, which are used for the kinetic 

analysis below.  
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Figure 8-6: a) ORR current densities, b) ring current densities, c) H2O2-yield of the CN samples 

nitrided at different temperatures and, for comparison, of a commercial Pt/C catalyst, 

recorded in O2 saturated 0.1 M KOH (1200 rpm, 10 mV s-1). 

Similar to the measurements in acidic electrolyte, the CN-550 catalysts showed the lowest 

ORR activity, here with an onset at about 0.7 V, and overall low current densities. Also, in 

alkaline electrolyte, the major difference to Pt/C is the hydrogen peroxide yield 

(Figure 8-6 c), which is continuously increasing with higher overpotential, first to a plateau 

at about 20% (for the CN-700 – CN-1000 catalysts) and then further with increasing 

overpotential. This continuous increase with increasing overpotential is different from the 

results obtained in acidic electrolyte, where the peroxide yield remained at a constant value 

in the range 0.6 and -0.2 V. The obvious change in the reaction towards a preferred 2-

electron reduction to hydrogen peroxide also affects the measured ORR current densities 

in the transport limited regime (Figure 8-6 a), where below 0.2 V the transport limited 

currents decrease slightly, although not as much as expected from the increasing hydrogen 

peroxide yield, A pronounced change in selectivity for carbon-based catalysts in alkaline 
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electrolyte has been reported previously for different N-doped carbon nanotube samples[152] 

and metal (oxy)nitride based catalysts.[238;285] Physical reasons for this change in the 

reaction pathway are, however, still unknown.  

The overall trends for the ORR activity tend to be identical comparing measurements in 

acidic and alkaline electrolytes, except for CN-550, which is inactive in 0.05 M H2SO4 but 

shows an ORR onset at about 0.7 V in 0.1 M KOH. Furthermore, when changing the 

electrolyte from acidic to alkaline we see a change in the onset potential for CN-700 and 

CN-850 from 0.7 V to 0.9 V, for CN-1000 from 0.9 to 1.0 V. This pH dependency, in addition 

to the corrections of the potential included by using the RHE potential scale, already 

demonstrates a major influence of the proton transfer in the rate determining step (RDS) in 

contrast to Pt/C catalysts.[416]  

The strong influence of the nitriding temperature on the ORR activity and selectivity in 

alkaline and acidic electrolyte can, in addition to the N content, be attributed to the structural 

differences between the materials. The increase of the micropore volume / porosity and of 

the amount of graphenic structures can cause major changes in the geometric and 

electronical structure of the materials and, thus in the ORR activity. This would fit to the 

results of our recent study, which indicated that carbon atoms at the edges of micropores 

in graphene structures act as active sites for the ORR.[41] In that case, an increase in the 

amount of micropores and graphenic structures might explain the higher current densities 

for the catalysts nitrided at higher temperatures. The increase of the ORR activity is also 

correlated with a slight increase in the density and basicity of Lewis base sites, where the 

latter is indicated by the CO2 desorption temperature. The CN-550 catalyst, however, does 

not show this correlation between ORR activity and microporosity on the one hand and 

density of Lewis base sites on the other hand. We attribute this discrepancy to the rather 

high content of functional structures in the CN-550 sample, reflected also by rather high 

amounts of hydrogen and oxygen, and hence the absence of active graphenic structures. 

Hence, the exact influence of changes in the pore structure and the amount of nitrogen sites 

in the carbon structure is still unclear. 

More insight on the physical origin of the rather high hydrogen peroxide yields and their 

potential dependence is obtained from density functional theory (DFT) based calculations.  

Here we analyzed the free Gibbs energy of the reaction along the possible 2- and 4-electron 

pathways of the ORR, which result in formation of H2O2 and H2O, respectively. This kinetic 

analysis, which does not consider additional kinetic barriers, but only the difference in Gibbs 

Free energy between different reaction steps, is based on the model introduced by Nørskov 

and coworkers.[31] Here the onset potential for an electrochemical process is determined by 

the minimum potential where there are no upwards steps in the Gibbs free energy along the 

reaction pathway (Figure 8-7). As described in detail in,[192] we consider a graphene sheet 
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with a pore of about 1.5 nm in diameter as microscopic model of the CN catalyst, where the 

inner edges contain zigzag- and armchair-type of the H-terminated carbon or nitrogen 

atoms. For the present work the graphene sheet is doped with a low concentration of 

graphitic-nitrogen (g-N) atoms of 0.4 at.%. This model had been successfully used to 

describe the 4-electron oxygen reduction on N-doped carbon based electrocatalyst and its 

non-linear dependence on the N-doping level, with a maximum activity at low doping 

levels.[192] The reaction takes place at carbon edge atoms, favored by the modified 

electronic density due to N-doping. For high amounts of graphitic-nitrogen, we found that 

this structure leads to a too strongly bound O…OHad intermediate, thus inhibiting efficient 

ORR processes.[192]  

 
Figure 8-7: Free Gibbs energy diagram for the oxygen reduction reaction to H2O2 (dashed lines) 

and H2O (solid lines) at the zigzag edge of the pore of a N-doped graphene layer a 

with central pore serving as CN model catalyst, with a low concentration of 

graphitic-N (0.4 at.%). The energies of the intermediates are based on scaling 

relations.[31] The free energy diagram is shown at four different potentials vs. RHE: 

U = 0 V (black lines), corresponding to the largest overpotential of 1.23 V; U = 0.39 V 

(green lines), corresponding to the largest potential where formation of H2O2 is 

possible; U = 0.86 V (red lines), corresponding to the largest potential where 

formation of H2O is possible; and the equilibrium potential U = 1.23 V (blue lines). 

Dashed and solid lines correspond to the 2-electron process with formation of H2O2 

and the 4-electron process with formation of H2O, respectively.  
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Looking at Figure 8-7, the situation of ‘no uphill steps’ is reached at 0.86 V in the 4-electron 

pathway. At this potential the formation of OOHad, which involves the first PCET step, is 

neutral in ΔG (relative to gaseous O2), while the 2nd and the 4th step are already exergonic. 

For a more detailed discussion see ref. [192]. Furthermore, the DFT calculations 

demonstrated that at low graphitic-N concentration the first step for an efficient ORR 

process involves adsorption of the molecular oxygen at the zigzag-type carbon site of the 

pore edge in an on top configuration, followed by or together with an electron transfer. These 

results are insofar in agreement with an earlier theoretical analysis of the ORR on various 

N-doped carbon materials by Terakura and coworkers, as those authors also reported O2 

adsorbed in an on top configuration as most stable.[406] In contrast to our work,[192] however, 

they used a non-porous graphene layer.  

In the present work we additionally also calculated the pathway for H2O2 formation (2-

electron pathway, Eq. 8-1), to obtain information on the physical origin of the lower 

selectivity of the ORR on the CN materials, which is indicated by a dashed line in Figure 8-7.  

2 H2 + O2 → 2 H2 + O2,ad → 3/2 H2 + OOHad → H2 + HOOHad (Eq. 8-1) 

Based on these calculations, the ORR on the CN catalysts proceeds predominantly via the 

4-electron process in the range of low overpotentials (0.8 V vs. RHE in Figure 8-5 c and 

Figure 8-6 c), in good agreement with our experimental findings. At this potential the 

formation of adsorbed H2O2 is endergonic and significantly less favorable than the 

competing formation of Oad and H2O (gas phase). Formation of H2O2,ad becomes neutral in 

ΔG only at 0.39 V. Hence, oxygen reduction in a 2-electron process to H2O2 is kinetically 

unfavorable in this picture for potentials larger than 0.39 V vs. RHE (green line in 

Figure 8-7). It should be noted, however, that also for this potential the pathway via Oad and 

H2Oad seems to be much more feasible, since this state is more stable than H2O2,ad. The 

further increase of the overpotential (U < 0.39 V) opens the 2-electron pathway of ORR. 

Neglecting additional barriers, the H2O2-yield should be constant in situations where the 

free energies of H2O2,ad and of Oad + H2O are both uphill with respect to the preceding step 

or both downhill (or equal). A change in H2O2-yield would be expected in the potential range 

where the free energies of H2O2,ad is still uphill, while that of Oad + H2O is flat or downhill. 

This would mean that we expect an increase in H2O2-yield at potentials between about 0.9 V 

and 0.4 V, while at lower potentials (= higher overpotentials) it should be potential 

independent. This agrees rather well with the experimental observations for reaction in 

acidic electrolyte, while in alkaline electrolyte additional effects must be responsible for the 

continuous increase at potentials <0.4 V.  

 



 
 
 

The role of nitrogen-doping and the effect of the pH on the oxygen reduction reaction on highly 
active nitrided carbon sphere catalysts 

206 

 
Figure 8-8: ORR currents on the different CN catalysts (a, c, e) and Tafel plots of the current 

densities in the kinetically controlled region (b, d, f) in O2 saturated 0.05 M H2SO4 

(black) and D2SO4 (red) at 1200 rpm and 10 mV s-1. 

On the first view the above calculations show no direct correlation with the experimentally 

observed trend of an increasing ORR activity and also selectivity for H2O formation with 

increasing carbonization / nitriding temperature. Based on the XPS measurements (Figure 

8-2), all of the CN catalysts exhibit a rather low overall nitrogen content on the surfaces. 

Even though the CN-700 catalyst has a slightly higher surface nitrogen content than the 

other ones, the variation is small compared to that in our previous study [192], where the 

surface N content reached up to 24%. Also, the activity does not seem to increase with 

increasing N content, and also not with increasing pyridinic-N content. The most active CN-

1000 catalyst has only a fraction of the amount of N in total and of pyridinic-N compared to 

the CN-700 catalyst. It rather appears that the ORR activity is related to structural and 

electronic effects. In additional measurements we found that CN-550 has a rather high 

electric film resistance, which would be in contrast with a (defective) graphene-like structure. 

Considering also that with increasing carbonization / nitriding temperature the ORR activity 
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increases, we tentatively propose that the increase in ORR performance is related to a more 

perfect doped graphene-like structure at higher carbonization / nitriding temperatures, as it 

is assumed in the calculations. Hence, the electronic effects enhancing the ORR activity at 

C edge sites of the doped graphene become increasingly effective in the absence of other 

defects in the graphene. Further theoretical work is necessary to substantiate this proposal, 

including the influence of the changes of the porosity and defect structure of the materials. 

Nevertheless, the combined experimental and theoretical results seem to indicate that 

pyridinic-N atoms do not represent the active sites for the ORR in these CN materials. 

Instead, the reaction seems to take place on C edge atoms of the N-doped graphene like 

material. The simultaneous influence of structural and electronic effects clearly 

demonstrates that the ORR activity on CN based materials is rather complex. 

For the kinetic analysis of the ORR on the different CN catalysts, we determined and 

evaluated the Tafel plots of the kinetic current of the measured ORR I-U curves and 

compared them with the results of similar ORR measurements in deuterated electrolytes. 

This also allows for an evaluation of the exchange current densities j0 and of the kinetic 

isotope effects (KIEs), where both represent effective values, comprised from a small 

contribution from the 2-electron pathway and a dominant contribution from the 4-electron 

pathway. The resulting ORR curves and Tafel plots in normal and deuterated electrolytes 

at high and low pH are presented in Figure 8-8 and 8-9, the evaluated (effective) KIE values 

and exchange current densities are compiled in Table 8-3. Here we focus on the currents 

in the kinetically controlled region at low overpotentials and do not consider those at higher 

overpotentials, approaching the region of the mass transport limited currents. The former 

were found to be well reproducible, while the latter can differ depending on the individual 

catalyst film due to different transport properties of individual catalyst films. The 

independence of the measured currents in the kinetically controlled currents from the mass 

transport is demonstrated in Figure 8-12 (supporting information), which shows that the 

currents in the kinetically controlled regions do not depend on the rotation rate. It should 

also be noted that the essentially linear relation between overpotential η and log j in these 

figures supports our above assumptions of essentially constant values of the transfer 

coefficient α and the number of electrons transferred in the RDS and of an essentially 

constant ratio of the contributions from 2-electron and 4-electron pathway in the range of 

overpotentials evaluated. Also, this assumption of the independence of the selectivity from 

the kind of water system is demonstrated in Figure 8-12 in the supporting information, where 

both current densities (deuterated and normal water system) are the same at the onset 

potential. 
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Table 8-3: Exchange current densities and the kinetic isotope effects (KH/D) on the different CN 

catalysts. 

Sample j0H
 / nA cm-2

 j0D / nA cm-2 KH/D 

 pH 1 

CN-700 13.96 ± 0.54 2.25 ± 0.11 6.8 ± 0.5 

CN-850 5.87 ± 0.31 2.07 ± 0.16 3.1 ± 0.3 

CN-1000 17.21 ± 2.09 9.73 ± 0.71 1.9 ± 0.6 

 pH 13 

CN-700 0.53 ± 0.01 0.47 ± 0.02 1.2 ± 0.1 

CN-850 2.17 ± 0.06 2.16 ± 0.05 1.1 ± 0.1 

CN-1000 9.73 ± 0.37 9.81 ± 0.15 1.1 ± 0.2 

In acidic electrolyte (Figure 8-8 and Table 8-3), we found a distinct difference between the 

ORR in normal and deuterated electrolyte, which is especially visible in the Tafel plots 

(Figure 8-8 b, d, f). This difference is well reproduced in the KIE values, which are ~7, ~3 

and ~2 for CN-700, CN-850 and CN-1000, respectively, and hence depend on the nitriding 

temperature. Thus, all three catalysts show an influence of the proton transfer on the RDS, 

which can therefore be defined as proton-coupled electron transfer step (PCET, see Figure 

8-10). Even though the absolute KIE values are subject to errors caused by the 

extrapolation in the Tafel plot evaluation, the trend is identical to that obtained from direct 

comparison of the kinetically controlled currents. In both cases the KIE is highest for the 

CN-700 sample, lower for the CN-850, and lowest for the CN-1000 electrode. The decrease 

of the KIE with increasing nitriding temperature points to a decreasing dominance of the 

proton transfer step as RDS. Obviously, the ORR activity benefits from a lower influence of 

the proton transfer on the RDS. Thus, the different nitriding temperatures, although not 

changing the amount of nitrogen drastically, and the structural changes significantly affect 

the mechanism of the ORR on nitrided / nitrogen-doped carbon. It should be noted that we 

cannot distinguish from these data between a change in the overall ORR process with 

increasing carbonization / nitriding temperature, and a situation with an increasing 

contribution from a second pathway with a lower KIE. More insight into correlations between 

structural and mechanistic changes in the ORR would require a more detailed structural 

characterization of the surface, in combination with theoretical calculations.  

Moving now to the ORR in alkaline solution, the situation is quite different. In contrast to the 

reaction in acidic electrolyte, we find for all three CN catalysts a KIE of about 1, thus, no 

effect of the deuterated electrolyte (Figure 8-9). The ORR curves as well as the Tafel plots 

are nearly identical, independent of the nitriding temperature. Hence, the ORR mechanism 

on nitrided carbon is most probably the same for all catalysts and not effected by the 
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changes due to the nitriding at different temperatures, at least in the measured range of low 

overpotentials. The KIE value of 1 reflects a different RDS in alkaline electrolyte than in 

acidic electrolyte. In this case the RDS is not influenced by the proton transfer. Instead, 

following previous findings for related materials,[192] it is attributed to the first electron 

transfer (ET), as shown in Figure 8-10. Hence, the overpotential is determined by the 

electron transfer rather than by a proton-coupled-electron transfer, as it was observed in 

acidic electrolyte. 

 
Figure 8-9: ORR currents on the different CN catalysts: (a, c, e) and Tafel plots of the current 

densities in the kinetically controlled region (b, d, f) in O2 saturated 0.1 M KOH (black) 

and KOD (red) at 1200 rpm and 10 mV s-1. 

Furthermore, evaluation of the Tafel plots delivers information on the number of electrons 

transferred before and in the RDS, if we assume that the symmetry factor in the RDS, β, is 

largely identical for all three catalysts. In acidic electrolyte, the Tafel slopes of CN-700, CN-

850 and CN-1000 decrease from 160 to 140 and 120 mV dec-1, confirming the before 

mentioned transfer of one electron in the RDS for the CN-1000 catalyst in acidic electrolyte 

(with α = β = 0.5). In this case, the RDS refers to the first PCET, since the number of 
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electrons transferred before the RDS, s, equals zero. Accordingly, the deviations between 

the Tafel slopes for the three catalysts can be explained either by a change in the electron 

transfer in the PCET of the RDS, which is little likely, or by a change in β. The Tafel slopes 

in alkaline conditions show the opposite trend and decrease with increasing nitriding 

temperature from 120 mV dec-1 for CN-700 to 60 mV dec-1 for CN-1000. Hence, they show 

differences in the RDS for the catalysts at high pH without influence of the proton transfer. 

Assuming again β  0.5, the slopes result in 1 transferred electron in the RDS for CN-700, 

which in combination with the results from the KIE analysis identifies the first ET as RDS 

(s = 0). For the CN-1000 catalyst with α  1.0, different assignments are possible. 

Considering again also the results of the KIE analysis (KIE = 1), we favor also in this case 

the first ET as RDS, which then would result in a value of β close to unity. Independent of 

the above assumption, the change in Tafel slope points to a pronounced change in the 

reaction process, modifying either the symmetry factor in the RDS and / or the number of 

transferred electrons exchanged before the RDS. 

 

Figure 8-10: Schematic overview of possible RDS in the ORR (ET: electron transfer, PT: proton 

transfer, PCET: proton coupled electron transfer). Dashed arrows indicate the two 

possible pathways for the ET step, as described in the text. 

In the reaction pathway illustrated in Figure 8-10 the ORR on the CN catalysts would follow 

the PCET pathway in acidic electrolyte, while it would proceed sequentially in alkaline 

electrolyte, with an ET step as RDS, followed by a PT step. Here we would like to note that 

we cannot distinguish between an ET process starting at O2, where electron transfer occurs 

during adsorption, and an electron process starting at O2,ad, where the electron transfer 

starts at adsorbed O2, indicating the existence of two metastable adsorption states, O2,ad 

and O2
*-

ad, although intuitively the former one seems to be more probable. Both possibilities 

are indicated by the dashed arrows in Figure 8-10. Furthermore, we also cannot distinguish 

between a continuous change of the KIE value in acidic electrolyte due to changes in the 
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energetics or an increasing contribution from a second reaction pathway with lower KIE 

values at higher carbonization / nitriding temperatures. 

Overall, the kinetic analysis of the ORR on the different CN catalysts provided detailed 

information on the mechanism of the ORR and the nature of the RDS on these materials, 

even though a direct correlation between their structure and the ORR processes is not yet 

possible. 

 Conclusions 

Aiming at a more detailed understanding of the ORR on N-doped carbon catalysts we have 

systematically investigated the surface structure and composition, electrochemical 

properties and ORR performance as well as correlations between these properties of a 

series of nitrided / N-doped carbon spheres with an overall low N content on the surface 

(<3 at.%), which were prepared via the same hydrothermal process from glucose solution 

and subsequent nitriding in NH3, using different carbonization / nitriding temperatures. The 

study involved a combined experimental and theoretical approach, involving mainly a kinetic 

analysis of the ORR and of kinetic isotope effects under continuous electrolyte flow and a 

kinetic analysis based on DFT calculations of the reaction intermediates. In combination 

with using various methods for physical and electrochemical surface characterization such 

as XPS, N2 sorption and CV, this led us to the following main new insights and results: 

1. The ORR activity was found to increase with carbonization / nitriding temperature, with 

the CN-1000 catalyst being most active with an onset potential very close to that of the 

Pt/C reference catalyst (0.9 V / 1.0 V in acidic / alkaline electrolyte). The selectivity for 

the 4-electron pathway to H2O, however, which decreases to about 80% with increasing 

overpotential in acidic electrolyte, needs further improvement.  

2. For these catalysts with rather similar N surface content we found no clear correlations 

between ORR activity on the one hand and the total N surface content or the content 

of pyridinic-N surface species on the other hand, which previously were proposed as 

active site. Structural aspects as induced by the increasing SSA, higher microporosity 

or indicated by increasing amounts of graphenic structures were found to play an 

important role for the ORR activity, possibly by increasing the amount of active pore 

edge sites. The latter may act also as Lewis base sites. 

3. Kinetic analysis (Tafel analysis) and analysis of the kinetic isotope effect (H-D 

exchange) reveal significant effects of the pH on the reaction mechanism, indicating an 

PCET step as rate limiting step in acidic electrolyte (KIE > 1), but an initial electron 

transfer (ET), followed by a proton transfer (PT) in alkaline electrolyte (KIE  1). 

Comparison with DFT calculations indicates that under acidic conditions the electron 

transfer coupled protonation of adsorbed O2,ad to form OOHad acts as rate determining 
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step (RDS) and the electron transfer to form O2
*-

ad under alkaline conditions, 

respectively.  

4. Structural effects, introduced by the different carbonization / nitriding temperatures, do 

not alter these general findings, but affect the size of the kinetic isotope effect in acidic 

electrolyte, decreasing with increasing carbonization / nitriding temperature and hence 

with increasing ORR activity. We cannot distinguish, however, whether this reflects a 

continuous change in KIE value or a relatively decreasing contribution from a second 

pathway with a rather high KIE value. 

5. Kinetic analyses of the theoretical results are in good agreement both with the activity 

of these CN catalysts and also with the potential dependent behavior of the ORR 

selectivity, where the H2O2-yield increases after the onset, but remains constant at 

potentials below 0.4 – 0.5 V. For reaction in alkaline electrolyte, additional effects must 

be responsible for a further increase of the H2O2-yield with further increasing 

overpotential. The good agreement in trends between experiment and theory supports 

also the correctness of the model used here, consisting of a porous graphene layer 

with a small number of substitutional N atoms, which due to electronic effects 

significantly increase the ORR activity of the C edge atoms. 

Overall, these new results and insights demonstrate on the one hand the sensitivity of these 

CN catalysts towards various different parameters, on the other hand they also show their 

potential as Pt-free ORR catalysts, 

 Supporting information 

 
Figure 8-11: TEM images of the CN-1000 catalyst a) before electrochemical treatment and after 

10000 cycles of square wave cycling between 0.4 and 1.4 V (1s at each potential) in 

N2 sat. 0.5 M H2SO4, illustrating the little change in the particle shape. 

 



 
 
 

The role of nitrogen-doping and the effect of the pH on the oxygen reduction reaction on highly 
active nitrided carbon sphere catalysts 

213 

 

Figure 8-12: Current densities in the kinetically controlled regions used for the Tafel evaluation at 

different rotation speeds (400, 800, 1200 rpm) in O2 sat. 0.05 M H2SO4 or 0.1 M 

KOH. 
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9 Summary 

In the previous chapters, the results of our collaboration with M. Wasser of the group of 

Prof. N. Hüsing (University of Salzburg, Austria) and of the cooperation with K. Sakaushi, 

A. Lyalin, T. Taketsugu and K. Uosaki of the National Institute of Material Science (NIMS) 

in Tsukuba, Japan, were presented, showing our ongoing efforts to optimize the stability, 

activity and selectivity of common, (i) Pt-based catalysts and of (ii) noble metal-free ORR 

catalysts. With these objectives in mind, we focus on a realistic evaluation of our 

approaches and the developed material’s potential as ORR catalyst in PEMFCs using 

model studies. 

The herewith presented approaches, which originate from the collaboration of our group 

and the group of Prof. N. Hüsing, of combining the electric well-conducting properties of 

carbon materials with the high stability of metal oxides and, furthermore, with the potentially 

ORR active metal (oxy)nitrides, were applied in order to find new composite materials which 

might be utilized as support material for Pt-catalysts or even act as ORR catalysts 

themselves. In the context of this development, we were able to demonstrate that the carbon 

components of our metal (oxy)nitride@nitrided carbon composites gained a high ORR 

activity on their own due to the nitriding process. This resulted in an additional focus on 

nitrided carbon as ORR active catalyst material, especially on the factors influencing said 

activity (e.g., pH, structure and nitriding). Nitrided carbon-based ORR catalysts have great 

potential for PEMFC applications as well as for future metal-air batteries. However, little is 

known about the processes occurring on these materials, which is crucial for further 

optimization of their ORR activity and selectivity. To gain more detailed insights on these 

processes, we included K. Sakaushi, A. Lyalin, T. Taketsugu and K. Uosaki (NIMS, Japan) 

into our cooperation and, together, successfully combined experimental and theoretical 

methods. These results, as well as the ones of the previously described collaboration, are 

summarized in greater detail after the now following, short overview of the specific 

approaches used in the chapters 3 to 8 of this work. 

Chapter 3 focuses on preventing typical degradation processes of conventional, carbon-

supported Pt catalysts. Therefore, the common carbon support was replaced by highly 

stable, nanostructured TiO2@CNT composite materials, combining the high corrosion 

resistance of the metal oxide (TiO2) and the good electric conductivity and stability of CNTs. 

Next, titania based catalysts were investigated for a full replacement of Pt as ORR catalyst 

in chapter 4 by developing titania (oxy)nitride composites covering an electrically well-

conducting carbon core. The latter was synthesized by M. Wassner of the University of 

Salzburg under the direction of Prof. N. Hüsing. Similarly, tantalum (oxy)nitride-based 

composite catalysts were synthesized and subsequently investigated for their ORR activity 
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and selectivity (chapter 5). A detailed study of the nitrided carbon cores, which were found 

to be highly ORR active themselves (i.e., without the metal (oxy)nitride shell), is presented 

in the chapters 6 to 8. Here, chapter 6 focuses on the physical characterization of the 

materials compiled by M. Wassner and myself, while chapters 7 and 8 focus on the 

electrocatalytical properties, the possible ORR pathways on nitrided carbon materials and 

how pH and N content influence the ORR activity and selectivity. Following these 

approaches, this summary is separated into four paragraphs, each concentrating on a 

different aspect for fuel cell applications: the stability (1), ORR activity (2), ORR selectivity 

(3) and, finally, the ORR mechanism on nitrided carbon (4).  

(1) The stability is one of the main characteristics used to determine the potential of a 

catalyst for real-world applications. Large potential fluctuations may cause severe 

degradation of Pt-based catalysts due to several processes, as described in chapters 1 

and 3. However, noble metal-free catalysts similarly suffer from corrosion due to extreme 

potential changes. In chapter 3, we presented an approach to reduce the loss of 

electrochemical active surface area (ECSA) of Pt catalysts due to Pt particle coalescence 

and Pt-catalysed carbon corrosion by replacing the common carbon support with highly 

stable, nanostructured composite materials. The latter consist of titania-covered CNTs 

(TiO2@CNT), which were compared to a commercial Pt/C catalyst as well as to Pt/CNT and 

Pt/TiO2 catalysts. Even though we showed that the Pt particles are evenly distributed on the 

TiO2 layer of the TiO2@CNT support material and experience the same electronic effect as 

Pt/TiO2 caused by the support material, the catalytic properties of these materials were 

different when comparing the COad-oxidation. Thus, the thin titania film on the CNTs has a 

different influence on the Pt catalysts than bulk titania. The Pt/TiO2@CNT catalyst displays 

the expected increased stability of the ECSA after the simulated start-stop cycles in the 

ADTs, in contrast to the Pt/C catalyst, which is strongly affected by Pt dissolution and Pt 

particle coalescence. Merely applying CNTs as a support material already resulted in a 

stability benefit for the ECSA, whereas Pt on bulk titania was found to show a high loss of 

the ECSA upon the ADT. Further comparison of the ADT-influence on the ORR activity 

resulted in an unexpected finding: Despite the high stability of the ECSA, the ORR activity 

of the Pt/TiO2@CNT catalysts decreased strongly after 10000 cycles of the ADT, in contrast 

to that of Pt/C and Pt/CNT, which showed rather stable ORR activities, especially for Pt/C, 

despite the pronounced loss of the ECSA. This prompted a systematic search for a possible 

explanation for this behaviour, resulting in the proposal of an additional degradation effect. 

We suggest that an overgrowth of the titania over the Pt particles occurs which is not due 

to solely high potentials but rather to continuous changes between high and low potentials. 

The thus proposed overgrowth, however, seemingly influences the ORR by blocking oxygen 

access to the Pt surface while still allowing the smaller hydrogen ions to adsorb on the 
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surface, forming the HUPD which is used to determine the ECSA. Furthermore, titania-

supported Pt particles display a change in their oxidation behaviour, which was 

demonstrated by the decrease of the Pt oxidation / reduction degree even before 

commencing the degradation tests, especially compared to the carbon-supported Pt 

catalysts. This might be caused by a changed interaction with oxygen compared to Pt on 

carbon, although no severe variations of the ORR were found before the ADT compared to 

Pt/C. However, we provide evidence that the repeated oxidation / reduction of the titania 

causes a major degradation of the supported Pt nanoparticle catalysts.  

Subsequently, in further investigations on metal (oxy)nitride-based ORR catalysts in chapter 

4 and 5, the degradation was determined as well. Both ORR active titanium (oxy)nitride and 

tantalum (oxy)nitride catalysts were found to suffer from severe degradation regarding their 

ORR activity compared to the Pt/C reference from chapter 3, however, the degradation was 

lower than that of the titania-supported Pt nanoparticles described above. Also for the metal 

(oxy)nitride-based catalysts, the continuous reduction and oxidation of the nitrided metal 

oxide surface caused major changes in the structure and / or composition. For titanium 

(oxy)nitride@nitrided carbon spheres, we found an almost complete loss of the titanium 

(oxy)nitride layer, whereas for tantalum (oxy)nitride@nitrided carbon spheres the metal 

(oxy)nitride layer remained stable. However, for the latter, a loss of the Ta4N5 structure, 

which was suggested to play an important role in the ORR active sites, was identified and 

proposed as the reason for the observed degradation of the ORR activity. TEM 

measurements, however, showed that the outer tantalum (oxy)nitride shell was still intact.  

Here, we identify an overall trend for metal oxide-based ORR catalysts, used either as 

support or as catalyst itself. The titania itself might be stable towards oxidation. Still, the 

stability tests result in severe degradation of the Pt particles supported on titania due to the 

repeated reduction and oxidation of the material, which is proposed to result in the 

overgrowth of the Pt particles by the titania. Also, in the case of the metal 

(oxy)nitride@nitrided carbon composite, the repeated oxidation and reduction of the 

material resulted in a decrease of the ORR activity, here due to the destruction of the 

composite structures. Thus, concluding from the results of the start-stop degradation tests 

presented here, neither catalysts based on nitrided titania nor on tantalum oxide are suitable 

for long-lasting ORR applications, nor does a titania support, as used in the Pt/TiO2@CNT 

catalyst, decrease the ORR degradation of supported Pt nanoparticle catalysts despite the 

increase of the ECSA stability. 

(2) The second requirement for ORR catalysts is their activity towards the oxygen reduction. 

This is especially important when focusing on Pt-free catalysts, but also for supported Pt 

catalysts, since an inadequate electric conductivity of the support material results in a high 

electric resistance which limits the electrochemically available surface area and, in 
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consequence, the ORR activity. The latter is well displayed in chapter 3, in which the Pt/TiO2 

catalyst shows a lower ORR activity compared to Pt/C, a fact we relate to the low electric 

conductivity of the titania support. Replacing the titania material with nanostructured 

TiO2@CNT composites results in a similar ORR activity as found for Pt/C, while still allowing 

to load the Pt nanoparticles on titania instead of carbon and thus stabilizing and protecting 

the particles against carbon corrosion without sacrificing their ORR activity. 

A similar technique was also applied for the metal (oxy)nitride catalysts, which showed a 

low electric conductivity even with nitrogen-doping. Therefore, the metal (oxy)nitride was 

applied as outer shell surrounding a nitrided carbon core, which resulted in a good film 

conductivity of the composite catalysts. However, in addition to those improvements, the 

nitriding temperature was found to be an important factor for the ORR activity of those 

materials. The nitriding temperature does not only change the crystallinity of the outer shell, 

but also the permeability (mesoporosity) of the metal (oxy)nitride shell, and hence the 

access to the nitrided carbon core, which was also found to be ORR active (chapters 6, 7 

and 8).  

For the titanium (oxy)nitride@nitrided carbon sphere catalysts, the best onset value for the 

ORR was found for nitriding temperatures of 850°C (TiON@CN-850), which resulted in a 

mix of TiO and TiN crystal phases with an ORR onset at about 0.8 V in 0.5 M H2SO4. A 

further increase of the nitriding temperature to 1000 and 1150°C led to a loss of 

mesoporosity of the outer shell, thus reducing the available surface of the shell for the ORR 

but at the same time also decreasing the accessibility to the nitrided carbon core. Similar to 

the results gained in acidic conditions, the TiON@CN-850 catalyst was found to be the most 

active in alkaline conditions, with an ORR onset of about 0.9 V. The TiON@CN catalysts 

exhibited a two-plateau behaviour caused by a change in the ORR selectivity, which will be 

discussed later. 

A comparable trend was found for similarly structured tantalum (oxy)nitride@nitrided carbon 

sphere catalysts, in which, instead of titanium oxide, tantalum oxide was applied as a shell 

for carbon spheres and also nitrided at different temperatures. This composite was rather 

complex, since we found a phase separation of the tantalum (oxy)nitride, in which the lower-

nitrided tantalum (oxy)nitride crystal phase is in direct contact to the nitrided carbon core, 

whereas a second crystalline phase with a higher amount of nitriding is found at the outside. 

For the only ORR active catalyst in acidic conditions, which was nitrided at 1000°C, a Ta4N5 

phase is in direct contact to the carbon core. When oxidized, this was suggested to form 

the ORR active sites. Furthermore, the TaON@CN-1000 catalyst possesses an ORR onset 

at 0.7 V in acidic and 0.9 V in alkaline conditions. The drastic decrease of the ORR activity 

for nitriding at 1150°C was caused by transformation of the Ta4N5 phase into a TaN phase, 

which further hinders the access to the nitrided carbon core for any electrochemical 
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reactions. Overall, using titanium (oxy)nitride instead of tantalum (oxy)nitride resulted in only 

a slight increase of the current densities and in a minor improvement of the ORR onset, 

making the titanium (oxy)nitride-based catalysts slightly more suitable ORR catalysts than 

the tantalum (oxy)nitride-based ones. However, the activity is still much lower than that of 

the conventional Pt/C catalysts (chapter 3), both in alkaline as well as in acidic electrolyte 

with no benefits regarding the stability.  

The access to the nitrided carbon core obviously plays a major role for the ORR activity of 

metal (oxy)nitride@nitrided carbon composites. This raises the question in how far the ORR 

activity of the metal (oxy)nitride@nitrided carbon composites is influenced by the ORR 

activity of the nitrided carbon core. Since a separation of the metal (oxy)nitride shell and the 

nitrided carbon core is not possible, the carbon spheres were nitrided without an additional 

shell for further investigations. Note that this treatment cannot directly reflect the nitriding 

beneath a metal oxide shell. Nevertheless, the resulting nitrided carbon spheres (chapters 

6, 7 and 8) were found to consist of amorphous carbon with a nitrogen content below 3%. 

Their ORR activity, however, exceeds that of the metal (oxy)nitride-based catalysts with an 

ORR onset at 0.8 V in acidic and 1.0 V in alkaline conditions, respectively. Overall, higher 

current densities were found for the most active catalyst nitrided at 1000°C (CN-1000, CN-I, 

NCS-1000), which even exceeds the ORR current densities of the Pt/C reference at high 

pH and potentials below 0.8 V. Thus, we suspect that parts of the ORR activity of the metal 

(oxy)nitride@nitrided carbon spheres catalysts can be attributed to the nitrided carbon core 

when it is accessible through the metal (oxy)nitride shell.  

Focusing on properties of the nitrided carbon core (CN catalysts), we found a drastic 

increase of the ORR activity with continuously increasing nitriding temperature, even though 

the N content is the highest at 700°C and decreases with higher nitriding temperatures. 

Additionally, the overall N content of the CN (NCS)-catalysts is below 3% and lowest for the 

most active ORR catalyst, CN-1000. However, the increasing nitriding temperature also 

results in structural changes such as an increasing amount of graphenic areas and a higher 

microporosity, which further causes the increase in specific surface area by about 40% 

when going from nitriding temperature of 550 to 1000°C. The latter might partly explain the 

increase in ORR current densities with higher nitriding temperatures, however, this cannot 

be said for the decreasing ORR overpotential. 

Since we cannot find a direct correlation between the amount of total nitrogen or pyridinic-

nitrogen and the ORR activity, we propose that (i) even very low amounts of nitrogen sites 

might be beneficial to the ORR activity, that (ii) different N configurations in the same carbon 

material might result in a decrease of its ORR activity, or (iii) that the structural changes of 

the CN (NCS) catalysts have a major influence on their ORR activity.   
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To gain further insights into these interactions, the most active CN-1000 (NCS-1000) 

catalyst was compared with other nitrided catalysts with much higher N contents in chapter 

7. This resulted in a pronounced difference between their ORR activities, i.e., the catalysts 

with 6.8% and 23.5% N display a lower ORR activity compared to the CN-1000 catalyst with 

0.5% N. However, these catalysts also differ strongly in their overall structure (porosity, 

graphitization).  

In the next step, theoretical calculations of model catalysts each consisting of a graphene 

sheet doped with different amount and configurations of nitrogen and a hole representing a 

micropore were conducted, which resulted in a comprehensive explanation for the previous 

observations (chapter 7). The DFT calculations, performed by A. Lyalin and T. Taketsugu 

at the NIMS in Japan, showed that high amounts of graphitic-N in the model catalyst 

stabilize the O*…OH* adsorption pair efficiently at carbon atoms on the pore edges, 

preventing a further reduction to water which overall impairs the ORR activity. In return, this 

causes the higher overpotential needed to proceed with the ORR on carbon containing high 

amounts of graphitic-N. Catalysts with low amounts of graphitic-N, in contrast, were found 

to enable an efficient ORR at carbon atoms on the pore edges already at relatively low 

overpotentials. These results might explain the high ORR activity of the CN-1000 (CN-I, 

NCS-1000) catalyst in chapter 7, since its content of graphitic-N is the lowest and, even 

more importantly, its microporosity is much larger than the one of the other catalysts in 

chapter 7. Hence, we are able to conclude that the high ORR activity of the CN-1000 

catalyst in chapters 6 and 8 is mainly caused by structural changes due to the high nitriding 

temperature, since the amounts of overall N and graphitic-N are low for all catalysts. 

Therefore, we assign the high ORR activity of the CN-1000 (NCS-1000) catalyst in 

comparison to the other CN (NCS)-catalysts to its microporosity, which is highest when 

nitrided at 1000°C and the simultaneous increasing of graphenic structures in this catalyst 

(iii). This further explains the pronounced decrease of the ORR activity when graphitizing 

the CN-catalysts in chapter 6, since the graphitization reduces the microporosity and thus 

the ORR active carbon edge sites at the micropores. 

Combining the results in the chapters 6 to 8, we are able demonstrate that not just the N-

content, especially the pyridinic-N-content, determines the ORR activity, but that the 

microporosity also plays a major role in the efficient ORR taking place on nitrided carbon 

catalysts. However, we are only at the beginning of the detailed understanding of the way 

these complex factors influence the ORR activity of noble metal-free catalysts for fuel cell 

applications. 

(3) Since several fuel cell parts are sensitive to corrosion by hydrogen peroxide, a high ORR 

selectivity for the reduction to water is required for any ORR catalyst. The advantage of Pt 

catalysts is presented in chapter 3, showing a hydrogen peroxide yield well below 1% in the 



 
 
 

Summary 221 

significant potential range from 1.0 to 0.4 V. The use of the titania-CNT composite support 

material increases the hydrogen peroxide yield slightly to values between 1 and 2% at 0.4 V. 

The ORR selectivity of the noble metal-free catalysts is much lower, showing hydrogen 

peroxide yields of >10%. For both metal oxide-based catalyst types in chapter 4 and 5, the 

hydrogen peroxide yield was found to be above 20% in acidic electrolyte, even for the most 

active TiON@CN-850 and TaON@CN-1000 catalysts. In alkaline conditions, the hydrogen 

peroxide yield is slightly lower for the TiON@CN-850 and the TaON@CN-1000 catalysts 

with a maximum of about 20%, however, this changes strongly depending on the potential. 

For Pt-based catalysts, cycling to potentials below 0.4 V results in a decrease of selectivity. 

When characterizing Pt-free catalysts we detected another trend, in which in acidic 

electrolyte the hydrogen peroxide yield shows a slight decrease below 0.4 V. Furthermore, 

under alkaline conditions, two ORR plateaus were found for the metal (oxy)nitride-based 

catalysts in chapter 4 and 5, with the first plateau between 0.6 and 0.2 V and the second 

one below 0.0 V. For the first plateau, the ORR current densities are lower than for the 

second plateau, whereas the hydrogen peroxide yield in the second plateau is much lower 

than for the first plateau. This shows a possible change in the mechanism / selectivity 

between 0.2 and 0.0 V, in which lower potentials result in a higher selectivity for the 4-

electron reduction to water than higher potentials. Overall, the low selectivity in addition to 

the still high overpotentials for the ORR prevent the use of the metal (oxy)nitride-based 

catalysts in any commercial application.  

However, not just aforementioned catalysts suffer in from low selectivity. The nitrided 

carbon spheres in chapter 6 and 8 also show a more than a tenfold higher hydrogen 

peroxide yield compared to the previously described Pt/C catalysts. Even though the most 

active ORR catalyst (CN-1000 / NCS-1000) has the lowest hydrogen peroxide yield of all 

presented CN (NCS) catalysts, values of about 20% in acidic and alkaline electrolyte are 

not suitable for fuel cell applications either. Interestingly, the CN (NCS) catalysts were found 

to display a change in the preferred mechanism / selectivity at high pH as well, at which the 

hydrogen peroxide yield increases from 0.8 V to a plateau at 0.6 to 0.2 V. In contrast to the 

decrease of the hydrogen peroxide yield for the metal (oxy)nitride-based catalysts below 

0.2 V, the peroxide yield further increases to up to 60% for the CN-1000 (NCS-1000) 

catalyst at -0.2 V. In chapter 8, DFT calculations were performed, as well, in order to explore 

the origin of the increase of the hydrogen peroxide yield when increasing the overpotential. 

Here, we started at the onset potential, where the CN-1000 (NCS-1000) catalyst possesses 

a very high selectivity (~100%) for the reduction to water (chapter 7 and 8). As a result, the 

reaction pathway leading to the formation of hydrogen peroxide was found to be 

unfavourable at 0.86 V (onset). With increasing overpotential, however, the path resulting 

in the hydrogen peroxide intermediate is thermodynamically preferred, starting at about 
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0.39 V. This explains the pronounced increase of the hydrogen peroxide yield of the CN 

(NCS) catalysts at about 0.4 V.  

Comparing the results of the CN spheres (NCS) with the metal (oxy)nitride-covered CN 

spheres under the assumption that the CN (NCS) core of the metal (oxy)nitride@nitrided 

carbon spheres is responsible for their ORR activity, we speculate that the metal (oxy)nitride 

shell causes the increase of the selectivity below 0.2 V due to re-adsorption and subsequent 

reduction of the hydrogen peroxide produced at the nitrided carbon core. Although the metal 

(oxy)nitride shell might be beneficial for the selectivity at potentials below 0.2 V, the 

hydrogen peroxide yield in the crucial potential range above 0.4 V does not profit from the 

shell. Since neither the stability nor the ORR activity and selectivity gain from the titanium / 

tantalum (oxy)nitride shell, it seems to be more adequate to focus on the understanding of 

the nitrided carbon spheres as Pt-free ORR catalyst, which is why the following paragraph 

will summarize further mechanistic findings of the CN (NCS) catalysts.  

(4) Using the approach of combining DFT calculations and experimental results in order to 

gain insights in the reaction pathways and the mechanism of the ORR on nitrided carbon 

catalysts, we investigated the most active CN-1000 (CN-I, NCS-1000) catalyst and 

compared it to catalysts with higher nitrogen contents. Especially the experimental 

characterization of the kinetic isotope effects (KIE) in the ORR was used to control the 

accuracy of the DFT calculations. Furthermore, the KIE measurements delivered 

information on the rate determining step of the ORR for the nitrided carbon catalysts with 

varying pH. In chapter 7, we showed that the activation of O2 in the RDS consists of the first 

electron transfer, which, at lower pH, is coupled with a proton transfer (proton coupled 

electron transfer, PCET). At high pH, however, electron and proton transfer are not coupled 

in the RDS, which explains the strong pH-dependency of the ORR on nitrided carbon. The 

DFT calculations of the ORR were performed on the above-mentioned CN (NCS) model 

surface consisting of nitrided graphene layer with a pore and different amounts of pyridinic- 

and graphitic-N, which are assumed to be the main cause for the ORR activity. As a result, 

the zigzag-like edge carbon sites at the pore edges of the graphitic-N-containing model 

surface were found to be responsible for the ORR activity. Additionally, the DFT calculations 

confirmed the first PCET as potential-depending step at low pH, in agreement with the KIE 

measurements, and further showed that already small amounts of graphitic-nitrogen result 

in an efficient ORR. Furthermore, theoretical calculations determined the rather stable 

adsorption of the O*…OH* pair, followed by an uphill reduction step in the ORR on carbon 

with high amounts of graphitic-N (≥7.3 at.%), which may be the reason for the low ORR 

activity of the more strongly nitrided catalysts. In addition to the CN-1000 (NCS-1000) 

material, the other CN (NCS) catalysts nitrided at lower temperatures were investigated 

regarding their kinetic isotope effect, as well (chapter 8). They showed an RDS independent 
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of the proton transfer at high and a PCET as RDS at low pH. However, the influence of the 

proton transfer increases drastically with the lower nitriding temperature, i.e., from a value 

of about 2 for CN-1000 (NCS-1000) to 6.8 for CN-700 (NCS-700). This stronger influence 

of the proton transfer in the RDS of CN-700 might cause a kinetic hindrance, and, in 

consequence the higher overpotential of the CN-700 catalyst.  

Since the differences in the nitrided catalysts’ nitrogen contents are only marginal and not 

proportional to the changes in the ORR activity, we attribute the improvement of the ORR 

activity with increasing nitriding temperatures to the pronounced changes in the carbon 

structure; to be precise, the increase of the amount of graphenic areas and micropores with 

higher nitriding temperatures is the main reason for the presented increase in catalytic ORR 

activity. This is also in accordance with the results of our DFT calculations, which assigned 

the ORR active sites of nitrided carbon to the carbon edge atoms of micropores in nitrided 

(graphitic-N) graphenic structures rather than to the pyridinic- or graphemic-N atoms 

themselves. 

However, a final determination of the changes causing the differences in ORR activity for 

the nitrided carbon catalysts and the metal (oxy)nitride-based catalysts is challenging due 

to still-inadequate knowledge about their structures. This additionally complicates the 

identification of new approaches for optimizing the Pt-free catalysts. The results presented 

in this work, however, provide solid first insights on the ORR mechanism on the CN (NCS) 

catalysts.  

Finally, comparing all investigated Pt-free catalysts, the nitrided carbon materials, especially 

CN-1000 (NCS-1000), were identified to be the most promising Pt-free catalyst. They exhibit 

a high ORR activity both in acidic and alkaline electrolyte. Nevertheless, the ORR selectivity 

for the water reduction still needs significant improvement before the Pt-free materials can 

compete with Pt catalysts. Metal (oxy)nitride@nitrided carbon sphere catalysts based on 

tantalum and titanium do not show any benefit regarding ORR stability, activity or selectivity 

compared with the pure nitrided carbon spheres and, thus, little promise for fuel cell 

applications. Titania can be used to stabilize Pt nanoparticle catalysts and the addition of 

CNTs in form of composites is suitable to maintain the electric contact to the Pt catalysts, 

in contrast to bulk titania support materials. However, we demonstrated that additional 

degradation processes diminish the ORR activity when exposed to continuous reduction 

and oxidation, presumably due to titania overgrowth on top of the Pt nanoparticles despite 

a more stable active surface area. Our results show that the application of titania or other 

metal oxide-based catalysts for fuel cell systems are not automatically beneficial for the 

ORR activity, selectivity and stability when compared with commercial Pt/C catalysts. Thus, 

other approaches, e.g., nitrided carbon as Pt-free ORR catalyst or pure CNT support 
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materials for Pt nanoparticle catalysts, are more suitable for continuing the search for 

durable and highly active, Pt-based and Pt-free ORR catalysts for fuel cell applications.  
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10 Zusammenfassung (German) 

In den vorherigen Kapiteln sind die Ergebnisse der Kooperation mit M. Wassner aus der 

Gruppe von Prof. N. Hüsing (Universität Salzburg, Österreich) und der Zusammenarbeit mit 

K. Sakaushi, A. Lyalin, T. Taketsugu and K. Uosaki vom National Institute of Material 

Science (NIMS) in Tsukuba, Japan präsentiert, welche unsere Bestrebungen zeigen die 

Stabilität, ORR Aktivität und Selektivität von (i) Pt-basierten Katalysatoren und von 

(ii) edelmetallfreien Katalysatoren zu verbessern. 

Für das Erreichen dieser Ziele nutzten wir eine realistische Einschätzung unserer genutzten 

Ansätze und dem Potential der daraus entwickelten Materialien als ORR Katalysatoren für 

die Anwendung in Brennstoffzellen (PEMFCs). 

Die Ausgangsidee für die hier gezeigten Ansätze ergab sich aus der Zusammenarbeit mit 

der Gruppe von Prof. Hüsing, und basiert auf der Kombination von Kohlenstoff, welcher als 

guter elektrischer Leiter agiert, und hochstabilen Metalloxiden sowie potentiell ORR aktiven 

Metall(oxy)nitriden. Verschiedene sich aus diesen Materialien ergebenen Komposite 

wurden hinsichtlich ihrer Eignung als Trägermaterial für Pt-Katalysatoren sowie ihrer 

Einsatzmöglichkeiten als Pt-freie ORR Katalysatoren untersucht. In Bezug auf Letzteres 

konnten wir zeigen, dass der Kohlenstoffkern der Metall(oxy)nitrid@CN Komposite selbst 

eine hohe ORR Aktivität besitzen, verursacht durch die Nitrierung. Dieses Ergebnis 

eröffnete einen weiteren Ansatz für die Entwicklung edelmetallfreier ORR Katalysatoren, 

wobei wir uns besonders auf die Einflussfaktoren konzentrierten, welche sich auf die ORR 

Aktivität auswirken (z.B. pH-Wert, Struktur und Nitrierung). Katalysatoren basierend auf 

solchen nitrierten Kohlenstoffen haben dabei ein großes Potential für den Einsatz in 

Brennstoffzellen (PEMFCs), ebenso wie für die weitere Entwicklung von Metall-Luft 

Batterien. Die Kenntnisse über die ablaufenden ORR Prozesse auf diesen Materialien sind 

bisher allerdings stark begrenzt, was sowohl die weitere Optimierung der ORR Aktivität und 

Selektivität stark beeinträchtigt. Um auf diesem Gebiet neue Erkenntnisse zu gewinnen, 

erweiterten wir unsere Kooperation um die Mitarbeit von K. Sakaushi und A. Lyalin vom 

NIMS. Dadurch wurde die erfolgreiche Kombination von experimentellen und theoretischen 

Methoden ermöglicht. Die Ergebnisse dieser Zusammenarbeit und der zuvor benannten 

Ansätze aus den Kapiteln 3 bis 8 sind auf den folgenden Seiten zusammengefasst.  

In Kapitel 3 konzentrierten wir uns zunächst auf die Unterdrückung von Degradations-

prozesse von Pt Nanopartikelkatalysatoren, welche bei konventionellen, mit Kohlenstoff 

geträgerten, ORR Pt-Katalysatoren auftreten. Dazu wurde der Kohlenstoffträger durch ein 

nanostrukturiertes TiO2@CNT Kompositmaterial ersetzt, welches die hohe Korrosions-

resistenz von Titandioxid mit der guten, elektrischen Leitfähigkeit der Kohlenstoff-

nanoröhren (CNTs) verbindet. In Kapitel 4 wurden ebenfalls titandioxid-basierte 
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Katalysatoren untersucht, hier allerdings nicht als Trägermaterial sondern als Ersatz für den 

Pt-basierten ORR Katalysator selbst. Ähnlich wie im vorherigen Kapitel wurde auch hier ein 

elektrisch leifähiger Kern, diesmal in Form von Kohlenstoffsphären verwendet, ummantelt 

mit Titan(oxy)nitrid. Diese Komposite wurden durch M. Wassner aus der Gruppe von Prof. 

N. Hüsing (Salzburg Universität) synthetisiert. Nach dem selben Prinzip wurden auch die in 

Kapitel 5 verwendeten Tantal(oxy)nitrid-basierte Komposite hergestellt und auf ihre ORR 

Aktivität und Selektivität hin untersucht. Die hierbei als sehr ORR aktiv eingestuften, 

nitrierten Kohlenstoffkerne ohne Metall(oxy)nitrid-Hülle wurden daraufhin in den Kapiteln 6 

bis 8 im Detail charakterisiert. Dabei liegt der Fokus in Kapitel 6 auf der physikalischen 

Charakterisierung der Materialien, ausgeführt durch M. Wassner, und von mir gemessenen 

ersten elektrochemischen Ergebnissen. Kapitel 7 und 8 konzentrieren sich auf die 

elektrochemischen und -katalytischen Eigenschaften, die Reaktionswege der ORR auf 

nitrierten Kohlenstoffen sowie deren Abhängigkeit vom pH und dem Stickstoffgehalt der 

Katalysatoren.  

Ausgehend von diesen unterschiedlichen Ansätzen ist diese Zusammenfassung in vier 

Abschnitte gegliedert. Dabei fokussiert sich jeder auf einen für die Weiterentwicklung von 

ORR Katalysatoren für Brennstoffzellen entscheidenden Aspekt: Die Stabilität (1), ORR 

Aktivität (2), ORR Selektivität (3), und dem ORR Mechanismus auf nitriertem Kohlenstoff. 

(1) Die Stabilität ist einer der wichtigsten Faktoren, um das Potential neuentwickelter 

Katalysatoren für den kommerziellen Einsatz zu bewerten. Dabei auftretende, starke 

Potentialschwankungen können eine drastische Degradation von Pt-basierten 

Katalysatoren mit sich ziehen welche durch unterschiedliche Prozesse ausgelöst werden 

(siehe Kapitel 1.4 und 3). Aber auch bei edelmetallfreien Katalysatoren können solche 

Potentialschwankungen zu Korrosion führen. 

In Kapitel 3 zeigten wir einen Ansatz zur Verringerung der Degradation der elektrochemisch 

aktiven Oberfläche (ECSA) der Pt-Nanopartikel, welche durch Pt-Partikel Koaleszenz und 

Pt-katalysierter Kohlenstoffkorrosion verursacht werden, basierend auf hochstabilen, 

nanostrukturierten Kompositmaterialien. Diese bestehen aus von Titandioxid ummantelten 

CNTs (Pt/TiO2@CNT) und wurden mit kommerziellen Pt/C Katalysatoren, Pt auf nicht-

ummantelten CNTs (Pt/CNT) und Pt auf Titandioxid ohne Kohlenstoff (Pt/TiO2) verglichen. 

Obwohl wir zeigen konnten, dass Pt-Nanopartikel gleichmäßig auf der Titandioxidschicht 

der Komposite verteilt sind und ähnlichen elektronischen Effekten ausgesetzt sind wie Pt 

auf reinem TiO2, stellte sich heraus, dass die katalytischen Eigenschaften dieser Materialien 

starke Unterschiede in Bezug auf die COad-Oxidation zeigen. Daraus schlussfolgerten wir, 

dass der dünne Titandioxidfilm auf den CNTs einen anderen Einfluss auf die Pt-

Katalysatoren hat, als größere TiO2-Partikel. Im Vergleich zu den Pt/C Katalysatoren, 

welche stark durch Pt Auflösung und Pt-Partikel Koaleszenz beeinträchtigt wurden, zeigte 
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der Pt/TiO2@CNT Katalysator die erwartete Verbesserung in der elektrochemisch aktiven 

Oberfläche (ECSA) nach Durchführung der simulierten Start-Stopp-Zyklen des Stabilitäts-

tests (ADT). Aber auch die Verwendung von CNTs als Trägermaterial zeigt positive 

Auswirkungen auf die Stabilität der ECSA im Vergleich zu Pt/C, wohingegen der reine TiO2-

Träger einen stärkeren Verlust der ECSA nach den ADTs aufwies. Der weitere Vergleich 

der sich aus den ADTs ergebenen Degradation in Bezug auf die ORR Aktivität resultierte 

in einem unerwarteten Bild: Trotz der hohen Stabilität der ECSA des Pt/TiO2@CNT 

Katalysators zeigten die Messungen eine starke Abnahme der ORR Aktivität nach 10000 

Zyklen, wohingegen Pt/C und Pt/CNT weniger Degradation in Bezug auf die ORR Aktivität 

trotz des ausgeprägten ECSA und Pt Verlustes, welcher insbesondere für den Pt/C 

Katalysator gefunden wurde, zeigen. Dieses Ergebnis zog eine systematische Suche nach 

den Gründen für dieses Verhalten nach sich, welches in der Annahme resultiert, dass 

zusätzliche Degradationsprozesse, im Vergleich zu Pt/C, für diese starke Abnahme der 

ORR Aktivität während der ADTs verantwortlich sind. Dabei schlagen wir einen Prozess 

vor, bei dem das Titandioxid des Trägers die Pt-Nanopartikel teilweise überwächst. Dieser 

Prozess wird dabei nicht durch die hohen Potentiale verursacht, sondern durch die 

zahlreichen, kontinuierlichen Potentialwechsel zwischen hohen und niedrigen 

Potentialwerten. Dieser Überwachsungsprozess scheint dabei hauptsächlich ausgeprägten 

Einfluss durch das Blockieren des Sauerstofftransports zur Pt-Oberfläche auf die ORR zu 

besitzen, während die kleineren Wasserstoff-Ionen weiterhin ungestört auf der Pt-

Oberfläche adsorbieren können (HUPD bzw. ECSA bleibt erhalten). Zusätzlich fanden wir 

eine Änderung im Oxidationsverhalten der Titandioxid-geträgerten Pt Katalysatoren, 

welches sich durch die Verkleinerung des Pt-Oxidations- / Reduktionssignals während des 

ADTs zeigte, aber auch bereits vor dem ADT beim Vergleich mit Kohlenstoff-geträgerten 

Pt-Katalysatoren erkennbar war. Die Ursache für diesen Effekt könnte in einer Änderung 

der Interaktion zwischen Sauerstoff und Platin im Vergleich zu Pt/C liegen, allerdings wurde 

kein Unterschied im ORR Verhalten der unterschiedlich geträgerten Pt-Katalysatoren vor 

den ADTs gefunden. Trotz der fehlenden Erklärung für diese Effekte konnten wir zeigen, 

dass wiederholtes Oxidieren und Reduzieren des Titandioxids eine starke Degradation der 

katalytischen ORR Aktivität der darauf geträgerten Pt-Katalysatoren zur Folge hat. 

Auch bei den Charakterisierungen der Metall(oxy)nitrid-basierten ORR Katalysatoren in den 

Kapiteln 4 und 5 wurde die Stabilität der Katalysatoren gegenüber dem ADT untersucht. 

Sowohl der ORR aktivste Titan(oxy)nitrid- als auch der vielversprechendste 

Tantal(oxy)nitrid-basierte Katalysator zeigte einen ausgeprägten Verlust der ORR Aktivität 

nach den ADTs im Vergleich zur Pt/C Referenz aus Kapitel 3. Allerdings fiel die Degradation 

geringer aus als bei den Titandioxid-geträgerten Pt-Katalysatoren aus demselben Kapitel. 

Ebenso wie für letztgenannten Katalysator zeigte sich bei den Metall(oxy)nitrid-basierten 
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Katalysatoren, dass die wiederholte Reduktion und Oxidation eine ausgeprägte Änderung 

der Struktur und / oder der Oberflächenzusammensetzung mit sich zieht. Für die 

Titan(oxy)nitrid@CN Katalysatoren konnte ein nahezu kompletter Verlust der äußeren 

Titan(oxy)nitrid Schicht nachgewiesen werden, wohingegen die Tantal(oxy)nitrid-Hülle 

stabil blieb. Für die Tantal(oxy)nitrid-Schicht wurde allerdings ein Verlust der Ta4N5 Struktur 

auf der Oberfläche nachgewiesen, welche vermutlich eine große Bedeutung als Teil der 

ORR aktiven Zentren spielt und deshalb als Hauptgrund für die Degradation dieses 

Katalysators ausgemacht wurde. Dass bei diesem Katalysator die Tantal(oxy)nitrid-Schicht 

auch nach dem ADT noch intakt war, wurde durch TEM-Messungen nachgewiesen. 

Damit konnten wir einen Trend für die metalloxid-basierten Katalysatoren, ob als 

Trägermaterial oder als Katalysator selbst genutzt, feststellen. Auch wenn sich das 

Titandioxid stabil gegenüber der Oxidation verhält, so zeigen darauf geträgerte Pt-

Katalysatoren eine starke Abnahme der ORR Aktivität durch wiederholte Oxidation und 

Reduktion, was wir auf einen Überwachsungsprozess des TiO2 über das Platin 

zurückführen. Ebenfalls zeigen die Kohlenstoff-Metall(oxy)nitrid Komposite eine starke 

Degradation der ORR Aktivität, verursacht durch die zahlreichen Wechsel zwischen 

Oxidation und Reduktion während der ADTs und die damit einhergehende Zerstörung der 

Komposit-Strukturen.  

Als Schlussfolgerung aus den hier gezeigten Ergebnissen der Degradationstests sind 

weder Katalysatoren basierend auf nitriertem Titandioxid oder Tantalpentoxid geeignet, um 

als langzeitstabile ORR Katalysatoren zu fungieren. Auch scheint ein Titandioxid-basiertes 

Trägermaterial keinen positiven Einfluss auf die Stabilität der ORR Aktivität darauf 

geträgerter Pt-Nanopartikelkatalysatoren zu haben, trotz der gezeigten Stabilitäts-

steigerung bezüglich der ECSA.  

(2) Die zweite Voraussetzung für ORR Katalysatoren ist ihre möglichst hohe Aktivität für 

der Sauerstoffreduktion. Dabei ist besonders bei der Entwicklung edelmetallfreier ORR 

Katalysatoren, aber auch bei geträgerten Pt Katalysatoren, wichtig, dass die katalytische 

Aktivität der Pt-Nanopartikel nicht negativ beeinträchtiget wird, z.B. durch elektrisch 

isolierende Trägermaterialien mit verringerter ECSA und dadurch reduzierter ORR Aktivität. 

Letzterer Effekt eines Trägermaterials wurde für den Pt/TiO2 Katalysator in Kapitel 3 

gezeigt. Das Ersetzen des reinen TiO2 durch das nanostrukturierte TiO2@CNT 

Kompositmaterial mit optimierter elektrischer Leitfähigkeit ermöglichte eine vergleichbare 

ORR Aktivität wie für den Pt/C Katalysator. Zusätzlich erlaubt dieser Kompositträger das 

Platzieren der Pt-Nanopartikel auf dem Titandioxid statt auf Kohlenstoff, wodurch der 

schützende Effekt des Metalloxides gegen die Kohlenstoffkorrosion erhalten bleibt ohne 

eine gleichzeitige Beeinträchtigung der ORR Aktivität zu bewirken.       
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Ein vergleichbarerer Ansatz wurde auch für die Metall(oxy)nitrid Katalysatoren verwendet, 

welche für sich genommen eine lediglich geringe elektrische Leitfähigkeit besitzen. Deshalb 

wurden die Metall(oxy)nitride als eine Hülle für nitrierte Kohlenstoffsphären verwendet. Die 

so entstandenen Kompositmaterialien zeigten eine gute elektrische Leitfähigkeit als 

Katalysatorfilm. Zusätzlich zu dieser Verbesserung demonstrierten wir, dass die Nitrierung 

der Materialien entscheidend für deren ORR Aktivität ist. Die Nitrierungstemperatur ändert 

dabei nicht nur die Kristallinität der äußeren Metall(oxy)nitrid-Hülle, sondern auch deren 

Permeabilität (Mesoporosität) und damit den Zugang zum nitrierten Kohlenstoffkern, 

welcher ebenfalls ORR Aktivität zeigte (Kapitel 6, 7 und 8).     

Für Titan(oxy)nitrid@CN Katalysatoren erwies sich eine Nitrierungstemperatur von 850°C 

und eine kristalline Mischphase aus TiO und TiN als Katalysator mit der besten ORR 

Aktivität, mit einem beginnenden ORR Strom bei ca. 0.8 V in 0.5 M H2SO4. Eine weitere 

Erhöhung der Nitrierungstemperatur auf 1000 und 1150°C führte zu einem Verlust der 

Mesoporosität und der verfügbaren Oberfläche und dadurch zu einem verringerten Zugang 

zum nitrierten Kohlenstoffkern. Auch unter alkalischen Bedingungen zeigte der TiON@CN-

850 Katalysator mit einem beginnenden ORR Strom bei ca. 0.9 V die höchste ORR Aktivität. 

Dabei konnte ein zwei-Plateau-Verhalten festgestellt werden, verursacht durch eine 

Änderung der Selektivität, was unter Punkt (3) genauer betrachtet wird. 

Diese Trends wurden auch für die vergleichbar strukturierten Tantal(oxy)nitrid@CN 

Katalysatoren gefunden, wobei anstelle des Titandioxid Tantalpentoxid als Hülle verwendet 

und anschließend nitriert wurde. Die so entstandenen Komposite zeigen aufgrund einer 

Separation der kristallinen Phase weitaus komplexere Hüllenstrukturen als die TiO2-

basierten Materialien, wobei die weniger nitrierte Tantal(oxy)nitrid-Phase im direkten 

Kontakt zum nitrierten Kohlenstoffkern auftritt und sich die stärker nitrierte Phase 

entsprechend auf der Außenseite befindet. Der einzige ORR aktive Katalysator dieser Serie 

wurde bei 1000°C nitriert und beinhaltet eine Ta4N5-Phase in direktem Kontakt zur Kern, 

welche wir in oxidierter Form für die ORR aktive Phase halten. Der TaON@CN-1000 

Katalysator verfügt über einen beginnenden ORR Strom bei 0.7 V unter sauren und 0.9 V 

unter alkalischen Bedingungen. Die drastische Verringerung der ORR Aktivität für die 

Nitrierung bei 1150°C wurde durch die Transformation der Ta4N5-Phase in eine TaN-Phase 

verursacht, welche zusätzlich den Zugang zum nitrierten Kohlenstoffkern blockiert. Beim 

Vergleich zwischen den Titan(oxy)nitrid- und Tantal(oxy)nitrid-basierten Katalysatoren 

zeigen sich für Ersteres geringfügig höhere Stromdichten und ein geringeres Überpotential 

für die ORR. Basierend auf diesen Ergebnissen schätzen wir von den zwei Ansätzen 

Titan(oxy)nitrid-basierte Katalysatoren als geeignetere ORR Katalysatoren ein. Dennoch ist 

deren ORR Aktivität trotz Verwendung der Metall(oxy)nitride in Form von Kompositen noch 

immer kleiner als die kommerzieller Pt/C Katalysatoren (Kapitel 3), sowohl in sauren als 
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auch in alkalischen Elektrolyten. Zusätzlich wurden keine Vorteile in Bezug auf die Stabilität 

im Vergleich zu Pt/C Katalysatoren detektiert. 

Der Zugang zum nitrierten Kohlenstoffkern scheint eine wichtige Rolle für die ORR Aktivität 

der Komposite zu spielen, was die Frage in den Raum stellt, in wieweit die ORR Aktivität 

der Komposite durch die des nitrierten Kohlenstoffkerns beeinflusst wird. Da eine 

nachträgliche Separierung der Metall(oxy)nitrid-Hülle und des Kerns nicht möglich ist, 

wurden auch Kohlenstoffsphären ohne Metalloxid-Hülle, nitriert um deren Eigenschaften 

genauer zu untersuchen. Bei dieser Betrachtung muss jedoch beachtet werden, dass diese 

Nitrierung nicht vollständig mit der unter einer Metalloxid-Hülle stattfindenden Nitrierung 

vergleichbar ist. Die Untersuchung der nitrierten Kohlenstoffsphären (Kapitel 6, 7 und 8) 

ergab eine amorphe Kohlenstoff-Struktur mit einem Stickstoffgehalt von unter 3%. Trotz 

dieses geringen Stickstoffgehalts zeigen die CN-Sphären eine weitaus höhere ORR 

Aktivität als die zuvor charakterisierten Metall(oxy)nitrid-basierten Komposite. Dies äußert 

sich für den aktivsten CN-1000 Katalysator in einem beginnenden ORR Strom bei 0.9 V im 

sauren und 1.0 V im alkalischen Elektrolyten und Stromdichten, welche im Alkalischen 

sogar die von Pt/C bei einem Potential unter 0.8 V übersteigen. Wir schlussfolgern aus 

diesen Ergebnissen, dass die nitrierten Kohlenstoffsphären einen signifikanten Anteil an 

der ORR Aktivität der Metall(oxy)nitrid-basierten Katalysatoren haben solange die 

Metall(oxy)nitrid-Hülle den Zugang zum CN-Kern ermöglicht. 

Die ORR Aktivität der CN Katalysatoren steigt weiterhin mit höheren Nitrierungs-

temperaturen, obwohl diese nach einem Maximum bei 700°C mit einer Verringerung des 

Stickstoffgehaltes einhergehen. Dabei fallen die Unterschiede im Stickstoffgehalt zwischen 

den Katalysatoren jedoch gering aus. Allerdings verursacht eine Erhöhung der 

Nitrierungstemperatur das vermehrte Auftreten graphenischer Gebiete und ausgeprägtere 

Mikroporosität, welche zum Beispiel beim Vergleich der bei 550 und 1000°C nitrierten 

Katalysatoren mit einer Vergrößerung der spezifischen Oberfläche um 40% einhergeht. 

Dies erklärt zwar die Vergrößerung der Stromdichten mit steigender Nitrierungstemperatur, 

jedoch nicht die Verringerung des ORR Überpotentials.  

Somit konnten wir keine direkte Korrelation zwischen allgemeinen / pyridinischen 

Stickstoffgehalt und der ORR Aktivität finden. Dies ist entweder damit zu begründen, dass 

(i) ein geringer Gehalt von Stickstoff von Vorteil für die ORR Aktivität ist, (ii) dass sich 

unterschiedliche N-Konfigurationen im Kohlenstoff nachteilig auf die ORR Aktivität 

auswirken oder, (iii) dass für die hier gezeigten Katalysatoren die strukturellen Änderungen 

einen wesentlich größeren Einfluss auf die ORR Aktivität haben als die enthaltene Menge 

an Stickstoff.    

Um die Zusammenhänge weiter zu untersuchen, wurde der aktivste Katalysator (CN-1000, 

CN-I, NCS-1000) mit weiteren Katalysatoren auf Basis nitrierter Kohlenstoffe, jedoch mit 
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wesentlich höherem Stickstoffgehalt, vorliegen. Diese Katalysatoren zeigten mit einem 

Stickstoffgehalt von 6.8% und 23.5% eine weitaus geringere ORR Aktivität als der CN-1000 

Katalysator mit ca. 0.5% N, wobei das Material mit dem höchsten N-Gehalt auch dasjenige 

mit der geringsten ORR Aktivität ist. Diese Katalysatoren unterschieden sich allerdings stark 

in ihrer Struktur (Porosität, Graphitisierung), was die Unterschiede erklären könnte.  

Für zusätzliche Aufklärung wurden in Kapitel 7 und 8 theoretische Berechnungen von 

Modelkatalysatoren verwendet, welche auf unterschiedlich nitrierten Graphenschichten 

basieren. Dabei repräsentiert ein Loch eine Mikropore. Die mit diesem Model 

durchgeführten DFT Berechnungen, durchgeführt von A. Lyalin und T. Taketsugu (NIMS, 

Japan), zeigten, dass große Mengen graphitischen Stickstoffs im Modelkatalysator zu einer 

starken Stabilisierung des O* / OH* Adsorbatpaares an den Kohlenstoffatomen der 

Porenkanten führten. Dies beeinträchtigt die weitere Reduktion zu Wasser. Diese 

Stabilisierung verursacht weiterhin, dass im Vergleich zu Katalysatoren mit geringerem 

graphitischen Stickstoffgehalt höhere Überpotential für die ORR. Katalysatoren mit 

geringerem graphitischen Stickstoffgehalt ermöglichen hingegen eine effiziente 

Sauerstoffreduktion an den Kohlenstoffatomen der Porenkanten in graphenischen 

Strukturen. Diese Ergebnisse zeigen, dass neben dem graphitischen Stickstoffgehalt auch 

der strukturelle Aufbau der Katalysatoren entscheidend für die ORR Aktivität ist, da die 

Anzahl an Mikroporen auch einen direkten Einfluss auf die Menge aktiver Zentren hat. 

Weiterhin erklären sie die in Kapitel 7 beschriebenen Resultate, da sowohl die größere 

Mikroporosität des CN-1000 Katalysators als auch der geringere Gehalt an graphitischem 

Stickstoff die ORR Aktivität fördert. Diese ist, im Vergleich zu den CN (NCS) Katalysatoren 

mit höheren Stickstoffgehalt und geringerer Mikroporosität, deutlich höher. 

Dementsprechend sind bei den verglichenen Katalysatoren in den Kapiteln 6 und 8 auch 

die strukturellen Unterschiede entscheidend für die jeweilige ORR Aktivität: So führt bei 

vergleichbarem Stickstoffgehalt die größere Mikroporosität und eine zunehmende Anzahl 

graphenischer Gebiete mit steigender Nitrierungstemperatur zur Erhöhung der ORR 

Aktivität (iii). Das wiederum erklärt auch die sinkende ORR Aktivität der graphitisierten, 

nitrierten Kohlenstoffsphären im Vergleich zu den Nicht-graphitisierten (Kapitel 6), da die 

Graphitisierung zu einer ausgeprägten Verringerung der Mikroporosität führt und damit die 

ORR aktiven Kohlenstoffzentren an den Porenkanten stark reduziert werden. Damit 

konnten wir nicht nur zeigen, dass der Stickstoffgehalt (insbesondere der des pyridinischen 

Stickstoffs) nicht alleinig bestimmend für die ORR Aktivität der nitrierten Kohlenstoff 

Katalysatoren ist, sondern dass die strukturelle Beschaffenheit, insbesondere die 

Mikroporosität, ebenso wichtig ist. Trotzdem befinden wir uns lediglich am Beginn des 

Verständnisses der komplexen Zusammenhänge und Faktoren, welche sich auf die ORR 

Aktivität dieser edelmetallfreien Katalysatoren auswirken. 
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(3) Da viele Bestandteile von Brennstoffzellen empfindlich gegenüber der Korrosion durch 

Wasserstoffperoxid sind, ist eine hohe Selektivität der ORR Katalysatoren für die 

Sauerstoffreduktion zu Wasser nötig. Hierbei sind Pt Katalysatoren im Vorteil, da sie, wie 

in Kapitel 3 diskutiert, im Potentialbereich zwischen 1.0 und 0.4 V eine Wasserstoffperoxid-

ausbeute von unter 1% haben. Der Einsatz der Titandioxid-CNT Komposite als 

Trägermaterial vergrößerte die Ausbeute (1 – 2% bei 0.4 V) und verringerte damit die ORR 

Selektivität. Die ORR Selektivität von edelmetallfreien Katalysatoren liegt mit H2O2-

Ausbeuten von über 10% deutlich unter der der Pt-basierten Katalysatoren. Beide Typen 

von Metall(oxy)nitrid-basierten Katalysatoren (Kapitel 4 und 5) zeigten eine H2O2-Ausbeute 

von über 20% im sauren Elektrolyten unter anderem auch für die ORR aktivsten TiON@CN-

850 und TaON@CN-1000 Materialien. Im Alkalischen konnte für diese Katalysatoren eine 

geringere Wasserstoffperoxidausbeute mit einem Maximum von ca. 20% gemessen 

werden, welche jedoch stark vom Potential abhängig ist. Für Pt-basierte Katalysatoren 

ergab sich bei Potentialen unter 0.4 V eine Verringerung der Selektivität (steigende H2O2-

Ausbeute), wohingegen in diesem Bereich bei Pt-freie Katalysatoren im sauren Elektrolyten 

die Selektivität leicht anstieg. Des Weiteren zeigten wir in Kapitel 4 und 5, das ein 

alkalischer Elektrolyt bei Metall(oxy)nitrid-basierten Katalysatoren einen zwei-Plateau-

Verlauf der Stromdichte und der Wasserstoffperoxidausbeute zur Folge hat, wobei das 

erste Plateau zwischen 0.6 und 0.2 V und ein Zweites bei Potentialen unter 0.0 V zu finden 

ist. Die Stromdichten des ersten Plateaus sind dabei geringer als die des Zweiten, während 

umgekehrt die Wasserstoffperoxidausbeute im ersten Plateau höher ist als im Zweiten. Dies 

begründen wir mit einem möglichen Wechsel des Mechanismus / der Selektivität zwischen 

0.2 und 0.0 V wobei niedrigere Potentiale eine höhere Selektivität für die 4-Elektronen 

Reduktion zu Wasser bedeuten. Nichtsdestotrotz sind die im Vergleich zu Pt/C 

Katalysatoren geringen Selektivitäten und das noch immer hohe Überpotential 

Ausschlusskriterien für eine kommerzielle Anwendung dieser Metall(oxy)nitrid-basierten 

Katalysatoren. 

Nicht nur diese edelmetallfreien Katalysatoren leiden unter der niedrigen ORR Selektivität. 

Auch die in den Kapiteln 6 bis 8 präsentierten nitrierten Kohlenstoffsphären zeigen das 

Zehnfache der Wasserstoffperoxidausbeute der zuvor beschriebenen Pt/C Katalysatoren. 

Obwohl der (ORR aktivste) CN-1000 (NCS-1000) Katalysator die geringste H2O2-Ausbeute 

aller untersuchten CN (NCS) katalysatoren zeigt, machen ihn diese Werte (ca. 20%, sowohl 

im alkalischen als auch im sauren Elektrolyten) ungeeignet für die Anwendung in 

Brennstoffzellen. Zusätzlich wurde auch bei den CN (NCS) Katalysatoren ein Wechsel des 

bevorzugten Mechanismus bzw. der Selektivität bei hohen pH-Werten beobachtet. Dabei 

stieg die Wasserstoffperoxidausbeute ab ca. 0.8 V stark an, worauf sich zwischen 0.6 und 

0.2 V ein Plateau bildete. Im Unterschied zu dem Plateau-System, welches bei den 
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Metall(oxy)nitrid-basierten Katalysatoren auftrat, sinkt bei den CN (NCS) Katalysatoren die 

Selektivität unterhalb von 0.2 V im zweiten Plateau weiter und die Wasserstoffperoxid-

ausbeute steigt, z.B. auf 60% für den CN-1000 (NCS-1000) Katalysator. Um die Ursachen 

für den starken Abfall der Selektivität ab 0,8 V zu ergründen, wurden in Kapitel 8 zusätzliche 

DFT Berechnungen durchgeführt. Diese basierten ebenfalls auf dem in Kapitel 7 

beschrieben Modell. Ausgehend vom Potential, an welchem sich ein ORR Strom ergibt 

(Onset), zeigt der CN-1000 (NCS-1000) Katalysator eine sehr hohe Selektivität (~100%) für 

die Reduktion von Sauerstoff zu Wasser (Kapitel 7 und 8). In Übereinstimmung mit diesen 

Ergebnissen ergaben die DFT Berechnungen, dass der Reaktionsweg, welcher zur Bildung 

von Wasserstoffperoxid führt, bei 0.86 V nicht favorisiert wird. Mit steigendem Überpotential 

hingegen wird der Reaktionsweg zum Wasserstoffperoxid-Zwischenprodukt ab ca. 0.39 V 

thermodynamisch bevorzugt. Dieses Ergebnis erklärt dabei sehr gut den Anstieg der H2O2-

Ausbeute ab 0.4 V.  

Vergleicht man die Ergebnisse der nitrierten Kohlenstoffsphären mit denen der 

Metall(oxy)nitrid-ummantelten Spähern unter der Annahme, dass der nitrierte 

Kohlenstoffkern ursächlich für die ORR Aktivität der Metall(oxy)nitrid-Kohlenstoff-

Komposite ist, so zeigt sich, dass die Metall(oxy)nitrid-Hülle tatsächlich zu einer Steigerung 

der Selektivität führt. Dies ist bei Potentialen unter 0.2 V der Fall, bei welchen auf der 

Oberfläche des nitrierten Kohlenstoffkerns entstandenes und daraufhin auf der Hülle re-

adsorbiertes Wasserstoffperoxid reduziert wird.  

Auch wenn diese Erhöhung der Selektivität bei Potentialen unter 0.2 V einen positiven 

Effekt der Metall(oxy)nitrid-Hülle darstellt, so ist die Wasserstoffperoxid Ausbeute im für 

Anwendungen wichtigen Bereich oberhalb von 0.4 V jedoch unbeeinflusst hoch. Da weder 

die Stabilität, noch die ORR Aktivität und Selektivität der Titan / Tantal(oxy)nitrid-Hülle 

profitierten, sollte der Fokus für anwendungsorientierte Katalysatoren auf dem Verständnis 

der nitrierten Kohlenstoffsphären liegen. Aus diesem Grund sollen im folgenden Abschnitt 

die mechanistischen Ergebnisse der Untersuchung der CN Katalysatoren zusammen-

gefasst werden.  

(4) Mittels der Kombination von DFT Berechnungen und experimentellen Ergebnissen 

konnte ein detaillierterer Einblick in die Reaktionswege und Mechanismen der 

Sauerstoffreduktion auf nitrierten Kohlenstoff gewonnen werden. Dafür untersuchten wir 

den ORR aktivsten CN-1000 (NCS-1000, CN-I) Katalysator und verglichen diesen in Kapitel 

7 mit CN (NCS) Katalysatoren mit einem höheren Stickstoffanteil. Dabei wurde im 

Speziellen die experimentelle Charakterisierung des kinetischen Isotopeneffekts (KIE) in 

der ORR benutzt, um die DFT Berechnungen zu bestätigen. Des Weiteren lieferten die KIE 

Messungen Informationen über den Raten-bestimmenden Schritt (RDS) der ORR auf 

nitriertem Kohlenstoff in Abhängigkeit vom pH-Wert. Im Kapitel 7 zeigten wir, dass die 
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Aktivierung von Sauerstoff im RDS durch die erste Elektronenübertragung geschieht. 

Letztere ist, bei niedrigem pH-Wert mit einer Protonenübertragung (PCET) gekoppelt, läuft 

bei hohem pH-Wert jedoch ohne diese Kopplung ab. Diese Änderung des RDS bestätigt 

dabei den Unterschied der ORR Aktivität der CN Katalysatoren in saurem und alkalischen 

Medium. Wie zuvor beschrieben, wurden die DFT Berechnungen auf einer Model 

Oberfläche durchgeführt, welche aus einer nitrierten Graphenschicht mit einem Loch, 

welches die Mikroporosität widerspiegelt, besteht. Für die Nitrierung wurden dabei 

verschiedene Mengen pyridinischen- und graphitischen-Stickstoffs angenommen, um den 

Einfluss der Menge und Art der Nitrierung zu charakterisieren. Durch diese theoretischen 

Berechnungen der ORR Vorgänge konnte die ORR Aktivität zickzack-artigen 

Kohlenstoffatomen an den Porenkanten zugeordnet werden, deren Aktivität stark von der 

Art und Menge der Nitrierung abhängt. Zusätzlich bestätigten die DFT Berechnungen den 

PCET als potentialabhängigen Schritt bei niedrigem pH, in Übereinstimmung mit den 

experimentellen KIE Messungen. Es zeigte sich so, dass kleine Mengen graphitischen 

Stickstoffs für eine effiziente ORR am geeignetsten sind. Des Weiteren demonstrierten die 

Berechnungen, dass größere Mengen (≥7.3%) graphitischen-Stickstoffs in der Modell-

oberfläche eine zu starke Stabilisierung der O*…OH* Zwischenstufe verursachen. Dadurch 

verläuft die weitere Reduktion thermodynamisch bergauf, was eine Erhöhung des für die 

ORR benötigten Überpotentials zur Folge hat. Das wiederum wirkt sich nachteilig auf die 

vollständige Reduktion des Sauerstoffs aus. Dieses Ergebnis wurde dabei durch die in 

Kapitel 7 beobachtete, abnehmende ORR Aktivität der CN (NCS) Katalysatoren mit 

steigendem graphitischen-Stickstoffgehalts bestätigt.  

Zusätzlich zu dem CN-1000 (NCS-1000) Katalysator wurde auch für die verbleibenden CN 

(NCS) Katalysatoren (nitriert bei 850 und 700°C) sowohl im alkalischen als auch im sauren 

Elektrolyten der KIE bestimmt (Kapitel 8). Daraus resultierte, dass nicht nur der pH-Wert 

einen Einfluss auf den Reaktionsablauf hat, sondern zusätzlich auch die Struktur / 

Nitrierungstemperatur. Dabei zeigte sich auch für diese Katalysatoren (CN-850 und CN-

700 / NCS-850 und NCS-700), dass der RDS bei hohem pH-Wert unabhängig und bei 

niedrigem pH-Wert abhängig vom Protonentransfer (PCET) ist. Allerdings steigt der 

Einfluss der Protonenübertragung mit sinkender Nitrierungstemperatur, von einem KIE-

Wert von 2 beim CN-1000 (NCS-1000) Katalysator hin zu 6.8 für CN-700 (NCS-700). Dieser 

stärkere Einfluss der Protonenübertragung im sauren Elektrolyten könnte für eine stärkere 

kinetische Hinderung der ORR durch den Protonentransfer verantwortlich sein und damit 

den Grund für das starke Ansteigen des Überpotentials für die ORR bei Verringerung der 

Nitrierungstemperatur darstellen.       

Wie bereits in Abschnitt (2) beschrieben, erlaubten die DFT Berechnungen eine 

Identifikation der Gründe für den starken Anstieg der ORR Aktivität mit der 
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Nitrierungstemperatur. Dabei zeigten die DFT Ergebnisse (i) eine Abhängigkeit von der 

Menge des graphitischen Stickstoffs, wobei geringere Mengen von Vorteil für eine effiziente 

ORR sind, aber auch, dass (ii) der Haupteinflussfaktor die Struktur des nitrierten 

Kohlenstoffs darstellt. Für Letzteres gilt dabei, dass graphenische Strukturen mit starker 

Mikroporosität ausschlaggebend für eine hohe ORR Aktivität sind.  

Trotz dieses Erkenntnisgewinns durch die Kombination aus theoretischen und 

experimentellen Ergebnissen ist eine finale Zuordnung der genauen Zusammenhänge 

zwischen Struktur und ORR Aktivität jedoch noch immer nicht möglich. Dies ist teilweise 

den mangelnden Kenntnissen über den mikroskopischen Aufbau der Materialien 

zuzuschreiben. Insbesondere gilt dies auch für die präsentierten Metall(oxy)nitrid-basierten 

Katalysatoren, bei denen nicht endgültig geklärt werden konnte, inwiefern die ORR Aktivität 

vom nitrierten Kohlenstoffkern verursacht wird. Die fehlenden Kenntnisse erschweren 

zusätzlich die Einschätzung und Weiterentwicklung neuer Ansätze für die Optimierung Pt-

freier ORR Katalysatoren. Nichtsdestotrotz stellen die in dieser Arbeit gezeigten Ergebnisse 

ein solides Grundgerüst für weitere Untersuchungen auf und liefern hilfreiche, neue 

Erkenntnisse über die mechanistischen Vorgänge der ORR auf den CN (NCS) 

Katalysatoren. 

Vergleicht man alle im Rahmen dieser Arbeit aufgezeigten Ansätze für die Entwicklung 

edelmetallfreier Katalysatoren, so zeigen sich ebendiese CN (NCS) Katalysatoren, 

insbesondere der CN-1000 (NCS-1000, CN-I) Katalysator, als am vielversprechendsten. 

Grund dafür ist deren vergleichsweise hohe ORR Aktivität in alkalischen und sauren 

Elektrolyten. Um Pt-basierte Katalysatoren zu ersetzen muss allerdings ihre ORR 

Selektivität für die Reduktion zu Wasser stark verbessert werden. Da die Metall(oxy)nitrid-

basierten Katalysatoren keine Vorteile bezüglich der Stabilität, ORR Aktivität und 

Selektivität im Vergleich zu den CN Katalysatoren zeigten, ist eine Fortführung dieses 

Ansatzes wenig vielversprechend. Titandioxid-CNT-basierte Komposite zeigten zwar einen 

stabilisierenden Effekt auf darauf geträgerten Pt-Nanopartikel bezüglich der ECSA, ohne 

dass eine verschlechterte elektrische Leitfähigkeit in Kauf genommen werden muss (wie es 

bei reinen Titandixoid-Trägermaterialien zu erwarten wäre). Allerdings sorgt ein zusätzlich 

auftretender Degradationsprozess dafür, dass dieser positive Einfluss auf die Stabilität der 

ECSA nicht für die ORR Aktivität gilt. Bei diesem Prozess handelt es sich vermutlich um ein 

Überwachsen der Pt-Partikel durch eine dünne Schicht des Titandioxidträgermaterials, 

welche den Sauerstofftransport zur Pt-Katalysator-Oberfläche blockiert. Diese Ergebnisse 

zeigen, dass Titandioxid bzw. titandioxid-basierte Katalysatoren und Trägermaterialien 

nicht automatisch vorteilhaft sind, sondern im Vergleich mit konventionellen Pt/C 

Katalysatoren durchaus negative Auswirkungen auf die Stabilität sowie die ORR Aktivität 

und Selektivität haben können. Dementsprechend sind Ansätze wie nitrierte Kohlenstoffe 
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und reine CNT Trägermaterialien für Pt-Katalysatoren deutlich geeigneter für die weitere 

Suche nach stabilen und hochaktiven, Pt-basierten und edelmetallfreien ORR 

Katalysatoren für die Anwendung in Brennstoffzellen. 
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12 Appendix 

 Data acquisition index 

Chapter Figure Material Date of measurement 
3.3.1 3-1 (a-d) Pt/C 

Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

13.10.2014 
05.10.2015 
18.11.2015 
05.10.2015 

 3-2 (a-d) Pt/C 
Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

16.09.2014 
10.06.2014 
10.06.2014 
02.07.2014 

 3-3 (a-d) Pt/C 
Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

30.06.2014 
25.06.2014 
14.01.2015 
01.07.2014 

3.3.2 3-4 Pt/C 
Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

10.07.2014 
08.07.2014 
10.10.2014 
10.07.2014 

3.3.3 3-5 (a,b) Pt/C 
Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

27.06.2014 
25.06.2014 
02.07.2014 
01.07.2014 

 3-5 (c) Pt/C 
Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

27.06.2014, 30.06.2014 
18.06.2014, 25.06.2014 
24.06.2014, 02.07.2014 
20.06.2014, 01.07.2014 

3.3.4 3-6 (a-h) Pt/C 
Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

30.06.2014 
18.06.2014 
13.01.2015 
01.07.2014 

 3-6 (h-l) Pt/C 
Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

27.06.2014, 30.06.2014 
18.06.2014, 25.06.2014 
24.06.2014, 02.07.2014 
20.06.2014, 01.07.2014 

 3-7 (a-d) Pt/C 
Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

25.02.2015 
26.02.2015 
16.02.2015 
17.03.2015 

 3-8 (a) Pt/TiO2 (0.4-1.4) 

Pt/TiO2 (1.0-1.4) 
06.10.2015 
22.10.2015 

 3-8 (b) Pt/C (N2 sat.) 
Pt/C (O2 sat.) 

27.06.2014 
10.12.2015 

 3-8 (c) Pt/CNT (N2 sat.) 
Pt/CNT (O2 sat.) 

27.03.2015 
21.12.2015 

 3-8 (d) Pt/TiO2@CNT (N2 sat.) 13.01.2015 
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Chapter Figure Material Date of measurement 
 Pt/TiO2@CNT (O2 sat.) 22.12.2015 
 3-8 (e) Pt/TiO2 (N2 sat.) 

Pt/TiO2 (O2 sat.) 
17.03.2015 
26.11.2015 

3.5 3-9 (a-d) Pt/C 
Pt/CNT 
Pt/TiO2@CNT 
Pt/TiO2 

13.10.2014 
05.10.2015 
18.11.2015 
05.10.2015 

 3-10 TiO2 

TiO2@CNT 
15.05.2015 (M. Wassner) 
15.05.2015 (M. Wassner) 

 3-11 Pt/TiO2 21.08.2015 
 3-12 Pt/TiO2@CNT 22.11.2016 (J. Biskupek) 
 3-13 Pt/CNT 

Pt/TiO2@CNT 
09.10.2015 
08.10.2015 

4.3.1 4-2 (a-d) C-RT 
C-550 
C-850 
C-1150 

11.11.2014 (M. Wassner) 
13.08.2014 (M. Wassner) 
13.08.2014 (M. Wassner) 
13.08.2014 (M. Wassner) 

 4-3 (a-c) C-850 
TiO2@C-850 
TiON@CN-850 

19.12.2014 
03.06.2016 
15.05.2016 

 4-4 TiO2@C- 05.02.2016 (M. Wassner) 
 4-5 (a-f) TiO2@C-RT 

TiO2@C-550 
TiO2@C-700 
TiO2@C-850 
TiO2@C-1000 
TiO2@C-1150 

07.11.2014 (M. Wassner) 
19.02.2014 (M. Wassner) 
19.02.2014 (M. Wassner) 
19.02.2014 (M. Wassner) 
13.08.2014 (M. Wassner) 
19.02.2016 (M. Wassner) 

 4-6 TiO2@C- 05.02.2016 (M. Wassner) 
 4-7 TiON@CN- 20.11.2014 (M. Wassner) 
 4-8 (a-e) TiON@CN-550 

TiON@CN-700 
TiON@CN-850 
TiON@CN-1000 
TiON@CN-1150 

12.11.2015 (M. Wassner) 
12.11.2015 (M. Wassner) 
12.11.2015 (M. Wassner) 
12.11.2015 (M. Wassner) 
12.11.2015 (M. Wassner) 

 4-9 TiON@CN- 05.02.2016 (M. Wassner) 
 4-10 TiON@CN- 01.07.2016 (T. Diemant) 
 4-11 TiON@CN- 01.07.2016 (T. Diemant) 
4.3.2 4-12 (a-c) TiON@CN-550 

TiON@CN-700 
TiON@CN-850 
TiON@CN-1000 
TiON@CN-1150 
C-850 
TiO2@C-850 

30.10.2015 
27.10.2015 
27.10.2015 
27.10.2015 
02.03.2016 
26.10.2015 
26.10.2015 

4.3.3 4-13 TiON@CN-550 
TiON@CN-700 
TiON@CN-850 

05.11.2015 
05.11.2015 
05.11.2015 
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Chapter Figure Material Date of measurement 
TiON@CN-1000 
TiON@CN-1150 
C-850 
TiO2@C-850 

06.11.2015 
06.11.2015 
05.11.2015 
05.11.2015 

 4-14 TiON@CN-550 
TiON@CN-700 
TiON@CN-850 
TiON@CN-1000 
TiON@CN-1150 

30.10.2015, 05.11.2015 
27.10.2015, 05.11.2015 
27.10.2015, 05.11.2015 
27.10.2015, 06.11.2015 
02.03.2016, 06.11.2015 

 4-15 TiON@CN-850 29.02.2016 
 4-16 TiON@CN-850 03.06.2016 
4.5.3 4-17 C- 05.02.2016 (M. Wassner) 
 4-18 C-, TiO2@C-, TiON@CN- 05.02.2016 (M. Wassner) 
 4-19 TiO2- 12.01.2015 (M. Wassner) 
 4-20 TiON@CN- 20.11.2014 (M. Wassner) 
 4-21 C-550 

C-700 
C-850 
C-1000 
C-1150 
TiO2@C-550 
TiO2@C-700 
TiO2@C-850 
TiO2@C-1000 
TiO2@C-1150 
TiON@CN-550 
TiON@CN-700 
TiON@CN-850 
TiON@CN-1000 
TiON@CN-1150 

30.10.2015 
26.10.2015 
26.10.2015 
26.10.2015 
02.03.2016 
30.10.2015 
26.10.2015 
26.10.2015 
26.10.2015 
02.03.2016 
30.10.2015 
27.10.2015 
27.10.2015 
27.10.2015 
02.03.2016 

 4-22 C-550 
C-700 
C-850 
C-1000 
C-1150 
TiO2@C-550 
TiO2@C-700 
TiO2@C-850 
TiO2@C-1000 
TiO2@C-1150 
TiON@CN-550 
TiON@CN-700 
TiON@CN-850 
TiON@CN-1000 
TiON@CN-1150 

04.11.2015 
04.11.2015 
04.11.2015 
04.11.2015 
02.03.2016 
05.11.2015 
05.11.2015 
05.11.2015 
05.11.2015 
02.03.2016 
05.11.2015 
05.11.2015 
06.11.2015 
06.11.2015 
02.03.2016 

 4-23 C-550 
C-700 

30.10.2015 
26.10.2015 
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Chapter Figure Material Date of measurement 
C-850 
C-1000 
C-1150 

26.10.2015 
26.10.2015 
02.03.2016 

 4-24 TiO2@C-550 
TiO2@C-700 
TiO2@C-850 
TiO2@C-1000 
TiO2@C-1150 

30.10.2015 
26.10.2015 
26.10.2015 
26.10.2015 
02.03.2016 

 4-25 C-550 
C-700 
C-850 
C-1000 
C-1150 

04.11.2015 
04.11.2015 
04.11.2015 
04.11.2015 
02.03.2016 

 4-26 TiO2@C-550 
TiO2@C-700 
TiO2@C-850 
TiO2@C-1000 
TiO2@C-1150 

05.11.2015 
05.11.2015 
05.11.2015 
05.11.2015 
02.03.2016 

 4-27 TiON@CN-850 06.07.2016 
5.3.1 5-2 TaON@CN- 11.05.2016 (M. Wassner) 
 5-3 TaON@CN-700 22.09.2016 
 5-4 (a-e) TaO@C-RT 

TaON@CN-700 
TaON@CN-850 
TaON@CN-1000 
TaON@CN-1150 

10.06.2016 
10.06.2016 
10.06.2016 
10.06.2016 
10.06.2016 

 5-4 (f-j) TaO@C-RT 
TaON@CN-700 
TaON@CN-850 
TaON@CN-1000 
TaON@CN-1150 

07.06.2016 
08.06.2016 
08.06.2016 
07.06.2016 
07.06.2016 

 5-5 TaON@CN-1000 
TaON@CN-1150 

13.06.2016 
13.06.2016 

 5-6 TaON@CN- 10.06.2016 
 5-7 TaON@CN- 08.06.2016 (T. Diemant) 
5.3.2 5-8 TaO@C-RT 

TaON@CN-700 
TaON@CN-850 
TaON@CN-1000 
TaON@CN-1150 

30.05.2016 
30.05.2016 
30.05.2016 
30.05.2016 
30.05.2016 

 5-9 TaO@C-RT 
TaON@CN-700 
TaON@CN-850 
TaON@CN-1000 
TaON@CN-1150 

25.05.2016 
25.05.2016 
25.05.2016 
25.05.2016 
25.05.2016 

5.3.3 5-10 TaO@C-RT 
TaON@CN-700 

30.05.2016 
30.05.2016 
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Chapter Figure Material Date of measurement 
TaON@CN-850 
TaON@CN-1000 
TaON@CN-1150 

30.05.2016 
30.05.2016 
30.05.2016 

 5-11 TaO@C-RT 
TaON@CN-700 
TaON@CN-850 
TaON@CN-1000 
TaON@CN-1150 

25.05.2016 
25.05.2016 
25.05.2016 
25.05.2016 
25.05.2016 

5.3.4 5-12 TaON@CN-1000 25.07.2016 
 5-13 TaON@CN-1000 (initial) 

TaON@CN-1000 (ADT) 
07.06.2016 
26.07.2016 

5.5.2 5-14 TaON@CN-700 22.09.2016 
 5-15 TaON@CN-1000 01.06.2016 
 5-16 TaON@CN-1150 01.06.2016 
 5-17 TaON@CN-1000 10.06.2016 
 5-18 TaON@CN- 08.06.2016 
 5-19 TaO-RT 

TaON-700 
TaON-850 
TaON-1000 
TaON-1150 

02.06.2016 
02.06.2016 
02.06.2016 
02.06.2016 
02.06.2016 

 5-20 TaO-RT 
TaON-700 
TaON-850 
TaON-1000 
TaON-1150 

03.06.2016 
03.06.2016 
03.06.2016 
03.06.2016 
03.06.2016 

 5-21 TaO-RT 
TaON-700 
TaON-850 
TaON-1000 
TaON-1150 

02.06.2016 
02.06.2016 
02.06.2016 
02.06.2016 
02.06.2016 

 5-22 TaO-RT 
TaON-700 
TaON-850 
TaON-1000 
TaON-1150 

03.06.2016 
03.06.2016 
03.06.2016 
03.06.2016 
03.06.2016 

 5-23 TaON@CN-1000 (initial) 
TaON@CN-1000 (ADT) 

08.06.2016 (T. Diemant) 
11.11.2016 (T. Diemant) 

 5-24 TaON@CN-850 
TaON@CN-1000 
CN-850 
CN-1000 

30.05.2016 
30.05.2016 
18.10.2016 
18.10.2016 

6.3.1 6-2 C without Fe2O3 
CN-550 
CN-1000 
g-CN-850 
g-CN-1000 

07.10.2016 
07.10.2016 
07.10.2016 
06.10.2016 
07.10.2016 
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Chapter Figure Material Date of measurement 
 6-3 (a-d) CN-550 

CN-700 
CN-850 
CN-1000 

04.11.2016 
04.11.2016 
04.11.2016 
02.11.2016 

 6-3 (e-h) g-CN-550 
g-CN-700 
g-CN-850 
g-CN-1000 

04.11.2016 
04.11.2016 
02.11.2016 
02.11.2016 

 6-4 CN-550 
CN-700 
CN-850 
CN-1000 
g-CN-550 
g-CN-700 
g-CN-850 
g-CN-1000 

17.10.2016 (T. Diemant) 
17.10.2016 (T. Diemant) 
17.10.2016 (T. Diemant) 
17.10.2016 (T. Diemant) 
18.10.2016 (T. Diemant) 
18.10.2016 (T. Diemant) 
18.10.2016 (T. Diemant) 
18.10.2016 (T. Diemant) 

 6-5 CN-, g-CN- 16.08.2016 (M. Wassner) 
 6-6 CN-, g-CN- 11.01.2016 (M. Wassner) 
 6-7 CN-, g-CN- 07.10.2016 (M. Wassner) 
6.3.2 6-8 (a-c) CN-550 

CN-700 
CN-850 
CN-1000 

18.10.2016 
18.10.2016 
18.10.2016 
18.10.2016 

 6-8 (d-f) g-CN-550 
g-CN-700 
g-CN-850 
g-CN-1000 

02.11.2016 
02.11.2016 
02.11.2016 
02.11.2016 

7.3.1 7-2 a,b) CN-I in KOH 
CN-II in KOH 
CN-III in KOH 
Pt/C in KOH 

24.07.2017, 27.07.2017 
24.07.2017, 28.07.2017 
25.07.2017, 28.07.2017 
25.07.2017 

 7-2 c,d) CN-I in H2SO4 
CN-II in H2SO4 
CN-III in H2SO4 
Pt/C in H2SO4 

07.08.2017 
07.08.2017, 08.08.2017 
08.08.2017, 07.08.2017 
07.08.2017 

 7-3 a,b) CN-I in KOH 
CN-I in KOD 

24.07.2017, 27.07.2017 
26.07.2017, 27.07.2017 

 7-3 c,d) CN-I in H2SO4 
CN-I in D2SO4 

07.08.2017 
04.08.2017 

7.3.2 7-4 CN-I, CN-II 07.08.2017 
7.5 7-10 CN-II in KOH 

CN-II in KOD 
24.07.2017, 28.07.2017 
26.07.2017, 27.07.2017 

 7-11 CN-III in KOH 
CN-III in KOD 

25.07.2017, 28.07.2017 
26.07.2017, 27.07.2017 

 7-12 CN-II in H2SO4 
CN-II in D2SO4 

07.08.2017, 08.08.2017 
01.08.2017 

8.3.1 8-1 CN-550 04.11.2016 
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Chapter Figure Material Date of measurement 
CN-700 
CN-850 
CN-1000 

04.11.2016 
04.11.2016 
02.11.2016 

 8-2 CN-550 
CN-700 
CN-850 
CN-1000 

17.10.2016 (T. Diemant) 
17.10.2016 (T. Diemant) 
17.10.2016 (T. Diemant) 
17.10.2016 (T. Diemant) 

 8-3 CN- 07.08.2017 
8.3.2 8-4 a) CN-550 

CN-700 
CN-850 
CN-1000 

17.04.2018 
17.04.2018 
17.04.2018 
17.04.2018 

 8-4 b) CN-550 
CN-700 
CN-850 
CN-1000 

20.04.2018 
20.04.2018 
20.04.2018 
20.04.2018 

8.3.3 8-5 CN-550 H2SO4 
CN-700 H2SO4 
CN-850 H2SO4 
CN-1000 H2SO4 

04.08.2017 
04.08.2017 
04.08.2017 
04.08.2017 

 8-6 CN-550 in KOH 
CN-700 in KOH 
CN-850 in KOH 
CN-1000 in KOH 

19.07.2017 
19.07.2017 
19.07.2017 
19.07.2017 

 8-8 CN-700 in H2SO4 

CN-700 in D2SO4 
CN-850 in H2SO4 

CN-850 in D2SO4 
CN-1000 in H2SO4 

CN-1000 in D2SO4 

04.08.2017 
02.08.2017 
04.08.2017 
02.08.2017 
04.08.2017 
02.08.2017 

 8-9 CN-700 in KOH 
CN-700 in KOD 
CN-850 in KOH 
CN-850 in KOD 
CN-1000 in KOH 
CN-1000 in KOD 

19.07.2017 
24.07.2017 
19.07.2017 
24.07.2017 
19.07.2017 
24.07.2017 

8.5 8-11 CN-1000 04.11.2016 
 8-12 CN-700 in H2SO4 

CN-8500 in H2SO4  
CN-1000 in H2SO4 

CN-700 in KOH 
CN-850 in KOH 
CN-1000 in KOH 

04.08.2017 
04.08.2017 
04.08.2017 
19.07.2017 
19.07.2017 
19.07.2017 
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 Curriculum vitae 

Personal details: 

Name Eckardt 

First name Markus 

Date of birth July 27th 1989 

Place of birth Leinefelde (today: Leinefelde-Worbis) 

 

Education: 

1996 - 2000 Elementary school: Grundschule Worbis 

2000 - 2008 High school “Staatliches Gymnasium "Marie Curie" 

Worbis”; higher education entrance qualification (Abitur) 

March 2009 – Sept. 2009 Ulm University, Ulm, Germany; course of studies: physics 

(undergraduate) 

Oct. 2009 – Sept. 2012 Ulm University, Ulm, Germany; course of studies: 

chemistry (undergraduate)  

March – Sept. 2012 Bachelor Thesis: Einfluss des Trägers auf die 

elektrokatalytischen Eigenschaften von Pt-Nanopartikeln 

Oct. 2012 – Nov. 2014  Ulm University, Ulm, Germany; course of studies: 

chemistry (graduate) 

March – Oct. 2014 Master Thesis: Hochaktive und korrosionsfeste 

Katalysatoren für PEM-Brennstoffzellen: C-modifizierte 

TiOx-geträgerte Pt-Katalysatoren  

Dec. 2014 to 2019 Ulm University, Ulm, Germany; PhD at the Institute of 

Surface Chemistry and Catalysis 

May 2016 Barbara-Mez-Starck Prize for the best master graduates 

July – August 2017 Internship at the National Institute for Material Science, 

Tsukuba, Japan 
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H I G H L I G H T S

• Synthesis of TiO2 covered CNTs as

conductive support for Pt based ORR

catalysts.

• Pt/TiO2@CNT catalysts show an ORR

activity comparable to commercial Pt/

C (E-Tek).

• TiO2 support stabilizes Pt NPs against

particle growth and Pt dissolution.

• Under start-stop conditions TiO2 sup-

ported catalysts show high loss of ORR

activity.

• Partial overgrowth of the Pt NPs by a

TiO2 layer during start-stop stability

tests.
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A B S T R A C T

Aiming at Pt nanoparticle catalysts for application in polymer electrolyte membrane fuel cell (PEMFC) cathodes,

which are highly active and more corrosion resistant under realistic mobile applications than common Pt/C

catalysts, we have prepared and investigated Pt catalysts supported on highly stable, nanostructured composite

materials containing carbon nanotubes (CNTs) and titania. TiO2@CNT composite materials are synthesized via

sol-gel processing and subsequent Pt deposition. The physical and electrochemical properties as well as the

stability of these catalysts, as determined by transmission electron microscopy (TEM), X-ray photoelectron

spectroscopy (XPS), rotating ring disk electrode (RRDE) measurements and accelerated degradation tests (ADTs),

were compared with those of commercial Pt/C, Pt/TiO2 and Pt/CNT. The measurements reveal a high activity of

the composite catalyst, comparable to that of the Pt/C catalyst, but an almost complete loss of ORR activity upon

an ADT procedure simulating start-stop behavior. In contrast to carbon supported catalysts, where degradation is

mainly associated with corrosion at high potentials, we find the titania supported catalysts to mainly suffer from

the reductive treatment in the ADTs. Consequences for the use of Pt catalysts supported on reducible oxides such

as TiO2 as cathode catalysts in fuel cell applications are discussed.

1. Introduction

The lifetime of fuel cells, which is largely related to the durability of

the catalyst, is a crucial factor for their successful commercialization in

stationary and automotive applications. This has stimulated intense

research of degradation effects in fuel cells and the development of new

approaches to improve the cathode catalyst stability [1–11]. Main

challenge is to maintain the activity for the oxygen reduction reaction
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(ORR) also under conditions relevant for practical operation of polymer

electrolyte membrane fuel cells (PEMFCs) [1]. It has been shown that

several factors can reduce the lifetime of PEMFC catalysts, including (1)

platinum particle dissolution and sintering [3,12], (2) dissolution of the

non-noble element in bimetallic PtMe (Me=2nd metal) catalyst par-

ticles [13,14], or (3) corrosion of the carbon support under cathode

operation potentials and the resulting detachment of the Pt nano-

particles [3,12,15,16]. Therefore, different groups including ours

started to explore possibilities to replace the commonly used high

surface area carbon supports such as Vulcan XC-72 by more corrosion

resistant materials [4,8,17–19]. It was demonstrated, e.g., that novel

nanostructured carbon materials such as carbon nanotubes and other

carbon modifications with mostly graphitic structures are more corro-

sion resistant under oxidizing conditions than conventional carbon

supports [1,20]. The graphitic surfaces of these materials contain fewer

defect sites than high surface area carbons, thereby reducing the sen-

sitivity towards oxidation. Nevertheless, also graphitized carbon sup-

ports cannot fully prevent carbon corrosion.

Several groups claimed that titania based support materials can

improve the stability of Pt catalysts, with only low ORR activity losses

compared to Pt/C [4,18,21]. In most studies, however, the low electric

conductivity of the catalysts, which leads to increased Ohmic losses,

was improved by either doping TiO2, e.g., with nitrogen or carbon

[19,21], by addition of conductive materials such as carbon [17,22,23],

or by using very thin TiO2 films on a conducting substrate [23–25]. In

order to limit losses in stability due to the incorporation of oxidizable

carbon materials, a number of groups used highly corrosion resistant

multi-walled carbon nanotubes (MWCNTs). This conductive backbone

gives, in combination with oxide materials such as TiO2, a so-called

composite Pt catalyst for the ORR [10,23,26,27]. It turned out, how-

ever, that also these catalysts can suffer from lower activities due to

high electric resistance, introduced by a too thick titania layer [10,27].

In addition, the CNTs had to be surface functionalized, e.g., by treat-

ment in acid, to deposit titania on them, which increased their sus-

ceptibility towards corrosion again.

Here we report results of a study where, following up on this idea,

we pursued a different synthetic approach, depositing a thin layer of

titania on well-conducting and corrosion resistant MWCNTs via a

modified sol-gel process [28–30]. Using benzyl alcohol as a linker be-

tween the hydrophobic CNT surface and the hydrophilic titania pre-

cursor, this results in a rather homogeneous formation of the TiO2 layer

on top of the MWCNTs, with a well-controllable titania layer thickness.

The layer thickness can be adjusted rather accurately by the amount of

water added to the reaction mixture during the sol-gel synthesis. Since

this deposition procedure does not require any surface functionaliza-

tion, we expect to maintain the higher corrosion stability of the CNTs

compared to that of standard carbon supports. The corrosion stability of

the CNTs should be further improved by the fact that the Pt particles

(diameter of 2.5–3 nm) are preferably deposited on the titania layer,

since the non-surface-functionalized CNT surface lacks defect sites,

where the Pt particles can attach to during the polyol process [31].

Considering that the carbon corrosion is catalyzed by Pt nanoparticles

in contact with the carbon surface [16,32], and that the Pt particles are

not in direct contact with carbon, this should further reduce carbon

corrosion.

Following a brief description of the instrumentation and the ex-

perimental procedures in section 2, including the catalyst preparation,

we will first present results of the structural and electronic character-

ization of the nanostructured Pt/TiO2@CNT composite catalysts and,

for comparison, of a commercial Pt/C catalyst, a Pt/TiO2 catalyst, and a

Pt/CNT catalyst. The chemical properties of these catalysts were char-

acterized by differential electrochemical mass spectrometry (DEMS)

(section 3.2) and the ORR performance, including the activity and the

selectivity for the 4-electron reduction to water, was evaluated by ro-

tating ring disk electrode (RRDE) measurements (section 3.3). Finally,

we evaluated the stability of these catalysts in accelerated degradation

tests (ADTs), simulating start-stop conditions, which were also per-

formed in the RRDE setup [1,7,33–37]. The main conclusions from

these findings are summarized in section 4.

2. Experimental

2.1. Catalyst synthesis

For the synthesis of the CNT-based catalysts (Pt/CNT and Pt/

TiO2@CNT), first, a cleaning process was performed to remove possible

metal impurities [38]. For the Pt/CNT catalyst, the cleaned CNTs were

surface functionalized by acidic treatment before Pt deposition [38].

The carbon free TiO2 support was synthesized using an adjusted sol-gel

process [39]. Similarly, the TiO2@CNT composite support was syn-

thesized via a sol-gel process approach employing benzyl alcohol as a

complexing agent, as suggested by Eder et al. [28–30]. On all support

materials (CNT, TiO2 and TiO2@CNT), platinum nanoparticles were

deposited via a polyol process [31]. The exact Pt loading of the catalysts

was determined by inductively coupled plasma optical emission spec-

trometry (ICP OES, Horiba Ultima 2).

The detailed description of the synthesis and the used materials is

presented in the supporting information (chapter 1.1).

2.2. Physical characterization

The bright-field transmission electron microscopy (BF-TEM) mea-

surements were performed with a Jeol JEM-1400 instrument, using

electron energies of up to 120 kV. Samples were prepared by depositing

0.05mL of a dilute catalyst suspension in ethanol (< 1mgmL−1) on a

Cu-supported carbon grid (Cu-grid, Plano, 300 mesh). The Pt particle

size distribution was determined by evaluating the diameters of> 300

individual Pt particles. For the Pt/CNT, which does not show separated

particles on the smooth CNT surfaces, the particle size was obtained by

measuring the particles at the ends of the CNTs, where they are well

separated. However, the Pt particle size results for Pt/CNT do not re-

present the Pt structures shown in Fig. 1b and f.

Energy-dispersive X-ray Spectrometry (EDX) was performed with a

Zeiss Leo 1550 instrument using an Oxford Instruments EDX sensor and

the INCA Suite 4.09 software for evaluation. For sample preparation,

catalyst films were deposited on a silicon wafer by pipetting the catalyst

suspension on the silicon wafer and drying in a N2 atmosphere.

The surface area of the synthesized support materials were de-

termined by N2 sorption measurements, using a Micromeritics ASAP

2420 instrument and a temperature of −196 °C in a relative pressure

range of p/p0 between 4× 10−6 and 0.99. The single point Brunauer,

Emmett, and Teller (BET) method was applied at p/p0=0.211 for

calculation of the BET surface area. Additionally, the surface area was

calculated using the Barrett, Joyner and Halenda (BJH) method (ad-

sorption cumulative surface area). For high-resolution transmission

electron microscopy (HR-TEM), a FEI Titan 80–300 was used with an

acceleration voltage of 300 kV. X-ray diffraction (XRD) measurements

were performed using a Bruker D8 Advance instrument (Bruker

Karlsruhe), applying Cu-Kα radiation (λ=0.154 nm) in a 2ϴ range of

5°–80° (0.02° continuous mode, 0.5 s per step).

X-ray photoelectron spectroscopy (XPS) measurements were per-

formed using a Physical Electronics PHI 5800 Multi ESCA System, ap-

plying monochromatic Al Kα radiation, at an electron emission angle of

45° and a pass energy of 29.35 eV for detail spectra. The samples were

prepared by depositing and drying 20 μL of an aqueous catalyst sus-

pension on a silicon wafer, which was pre-treated in ultrapure water

(MilliQ), KOHaq. and H2SO4conc. CasaXPS software was used to decon-

volute the measured signals, employing a Shirley background correc-

tion. In order to correctly reflect the measured, asymmetric Pt(4f) sig-

nals, the Gaussian/Lorentzian sum form (SGL) was modified by an

exponential asymmetric tail (T). The parameters were selected to op-

timize the fit of the Pt(4f) peak on the reference Pt/C catalyst, resulting
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in a SGL(30)T(1) line shape, which was applied for fitting all other Pt

(4f) signals. For calibration of the binding energies (BEs) we used the

C(1s) signal of adventitious carbon at 284.8 eV [40].

2.3. Electrochemical characterization and catalytic behavior employing an

RRDE setup

The catalyst films (8 μg Pt per electrode) are deposited from aqueous

suspensions of the catalyst powders with added Nafion, of which the

preparation is described in more detail in the supporting information

(chapter 1.2). Electrochemical characterization of the films was

performed by using a rotating ring disk electrode (RRDE) with a geo-

metric area of 0.28 cm2 controlled by a bipotentiostat (Pine

Instruments, AFRDE5). The detailed description of the procedures, the

evaluation of the electrochemical surface area (ECSA) [41,42] and the

calculation of the hydrogen peroxide yield [43,44] is presented in the

supporting information (chapter 1.2).

For simulation of the degradation under start-stop conditions, we

exposed the electrode (base electrolyte, no rotation) to square wave

potential cycles (accelerated degradation tests square wave cycling -

ADT SWC), stepping the potential between 0.4 and 1.4 V (for Fig. 8a we

used 1.0 and 1.4 V). A programmable potentiostat (Princeton Applied

Research 273A) was employed for square wave potential cycling

(SWC), holding the potential at each value for 1 s [1,35,36]. In between

the stability tests, BCV and ORR measurements were performed after a

certain number of cycles in order to determine the catalyst degradation

during the ADT SWC treatment.

TEM measurements after the ADT SWCs were performed by sus-

pending the catalyst film in ethanol after the stability test and depos-

iting it on the Cu-supported carbon-grid described above and in the

supporting information.

For the determination of the Pt-loss during the degradation tests, the

electrolyte used for the degradation test was evaporated to about

10mL. The amount of Pt in the remaining solution was measured by

ICP OES using a Spectro Arcos ICP OES.

The procedure for the DEMS measurements is similar to the RRDE

characterization above, however, the DEMS set-up consisted of a dual

thin-layer flow cell in combination with a differentially pumped

quadrupole mass spectrometer (MS; Balzers QMS 112A), which was

described in detail elsewhere [45,46]. Furthermore, a CO-saturated (4.7

Westfalen Gas) base electrolyte was used for the DEMS measurements

as well as a ∗K calibration [47,48]. Additionally, DEMS was also em-

ployed for the calculation of the ECSA [49], which is explained in more

details in the supporting information (chapter 1.3).

3. Results and discussion

3.1. Physical characterization

The N2 sorption measurements of the support materials resulted in

rather low surface areas. The single point BET surface area of the CNT

support is 14.2 m2 g−1 (BJH surface area is 15.7m2 g−1), indicating a

low surface area. The TiO2@CNT showed an about twofold higher

single point BET surface area of 32.9 m2 g−1 (BJH surface area is

29.7 m2 g−1). This should lead to a better distribution of the deposited

Pt particles and less agglomeration, however, is still rather small

compared to high surface carbon materials, as used in the commercial

Pt/C catalyst (BET surface area of> 200m2 g−1) [50]. For the pure

TiO2 support we obtained a BET surface area of 87.5 m2 g−1 (BJH

surface area is 86.1 m2 g−1), which is higher than that of the pure CNTs

and the composite. This explains also why the addition of TiO2 in the

TiO2@CNT support material increases its surface area.

Overview TEM micrographs of the different catalysts and the cor-

responding particle size distributions are shown in Fig. 1 (a,b,c,d).

Overview TEM images are presented in the supporting information (Fig.

S1). Comparing the images, we note a homogeneous distribution of the

Pt on the carbon surface of Pt/C, while on the CNTs (see side view of a

CNT in Fig. 1b) network-like interconnected structures appear rather

than separated particles. We attribute this to the graphitic-like surface

structure of the CNTs with few defect sites that can serve as nucleation

sites for the Pt particle formation [20]. Since the ends of the CNTs have

a large number of defects, well-separated Pt-particles can be observed

in those regions [51]. The more dominant Pt network structures should

be taken into account when comparing the electrocatalytic properties of

the different catalysts.

The titania covered CNTs (c) consist of titania nanocrystals grown

on the outer surface of the CNT-support, although TiO2 deposition

Fig. 1. TEM measurements and histograms of the particle size distribution for

all catalysts: a,e) Pt/C, b,f) Pt/CNT, c,g) Pt/TiO2@CNT, d,h) Pt/TiO2 before

(a,b,c,d) and after the ADT SWC (e,f,g,h).
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inside the nanotubes cannot be excluded due to their rather large dia-

meter. The amount of titania covering the CNTs is controlled by the

amount of water used during the synthesis [28,29]. In these experi-

ments we aimed at an as thin as possible titania coating in order to

maintain sufficient electric conductivity to the Pt nanoparticles de-

posited on the CNT supported titania layer (thickness estimated <

10 nm). In contrast to Pt/CNT (b), the Pt nanoparticles on TiO2@CNT

(c) are well separated, similar to the Pt NPs on the pure titania (Pt/

TiO2, (d)) which we explain by a preferential Pt deposition on the TiO2

deposits (see TEM image) rather than on the CNTs. Ivanshina et al. [26]

also reported an improved Pt-particle distribution on titania covered

CNTs compared to the pristine surfaces, in agreement with our results.

Applying the same Pt deposition method for the different support

materials used here (CNT, TiO2@CNT, TiO2) led to mean Pt particle

sizes of about 2.3–2.7 nm (Table 1) and a monomodal size distribution.

The commercial Pt/C (E-Tek) catalyst shows a mean particle size of

3.1 nm. Therefore, particle size effects can be excluded when comparing

the Pt/C, Pt/TiO2@CNT and Pt/TiO2 catalysts. Note that for the Pt/CNT

catalyst the evaluation of the Pt particles was limited to the separate

particles at the ends of the CNTs, which may differ in their electro-

catalytic properties from those of the network-like Pt structures. For

both titania supports (TiO2 and TiO2@CNT), XRD measurements reveal

a crystalline anatase structure, with a characteristic reflection at 25.3°

(Supporting information: Fig. S2) [23]. The broader width of this TiO2

anatase reflection compared to that of TiO2@CNT points to larger

crystallites for the composite material. For the TiO2@CNT support

material the diffractograms show an additional reflection at 26.3°,

which is assigned to the (002) plane of the layered graphene structure

of the CNTs [23].

Additional Energy-Dispersive X-ray Spectrometry (EDX) were per-

formed to determine the amount of titania in the catalysts. The results

are presented in Table 1 and show for Pt/TiO2@CNT 41wt% of TiO2

and 47wt% carbon, which depicts a 1:1 wt% distribution of the titania

layer and the CNTs for the TiO2@CNT catalysts. The Pt/TiO2 catalyst

mainly consists of TiO2 (84 wt%) as presented in Table 1, and no

carbon. Keeping in mind that the quality of the EDX measurements is

limited, also the found amounts of Pt fit to the results of the ICP OES

measurements.

XPS detail spectra of the Pt(4f) region are shown in Fig. 2, the

binding energies (BEs) obtained for the different samples (after drying

in N2) are listed in Table 1. Fig. 2 also shows the deconvolution of the

measured signals, with contributions from a metallic Pt0 peak and an

oxidic Pt2+ species. For the Pt/C catalyst, the Pt0 peaks are located at

72.5 and 75.8 eV, respectively, whereas the signals for the Pt2+ state

are located at 74.8 and 78.1 eV.

For the Pt/TiO2 catalyst the peaks are shifted by about 0.6 eV to

lower BEs compared with Pt/C, which we attribute to electronic metal-

support interactions [19]. This shift is attributed to electronic metal-

support interactions, leading to a charge transfer from the support

material to the Pt particles. This increased electron density is likely to

affect also the electrocatalytic properties of the Pt catalysts. A similar

down-shift was determined for the Pt/TiO2@CNT catalyst, in agree-

ment with the TEM results, indicating that the Pt particles are mainly

located on the titania layer of the composite.

For the Pt/CNT catalyst we also found the Pt0(4f) signal to be down-

shifted by about 0.3 eV relative to Pt/C. Hence, also the interaction with

the CNTs results in a downshift, similar to Pt/TiO2, but very different

from that Pt/C. The latter difference, at rather similar Pt particle sizes,

must be due to the very different electronic structure of the CNTs

compared to the mesoporous carbon Vulcan support (Pt/C) [5,23,52]

and the Pt network structure of Pt/CNT. From the following electro-

chemical measurements, in particular, the electrooxidation of adsorbed

CO, we will gain further information about a support effect caused by

the composite material.

Table 1

Mean Pt particle diameter, Pt(4f) binding energies, ECSA (HUPD and COad Ox.) and chemical composition (EDX) of the different supported Pt catalysts.

material mean particle size/nm Pt(4f) binding energy/eV (Pt0/Pt2+) ECSA (HUPD)/ m
2 g(Pt)−1 ECSA (COad Ox.)/m2 g(Pt)−1 EDX/±3wt% Pt:C:O:TiO2

Pt/C 3.1 ± 0.6 72.5/74.8 ± 0.1 70.6 ± 12.4 90.1 ± 2.1 27:63:10:0

Pt/CNT 2.3 ± 0.7 72.2/74.5 ± 0.1 58.3 ± 8.6 69.4 ± 7.3 10:81:9:0

Pt/TiO2@CNT 2.6 ± 0.5 71.9/74.2 ± 0.1 47.5 ± 4.8 52.1 ± 4.7 6:47:6:41

Pt/TiO2 2.7 ± 0.8 71.9/74.2 ± 0.1 22.1 ± 1.6 24.0 ± 2.3 13:0:3:84

Fig. 2. XPS results for the Pt(4f) signals of a) Pt/C, b) Pt/CNT, c) Pt/TiO2@CNT,

d) Pt/TiO2, as indicated in the figure, including the fit of the metallic (Pt0) (red

line) and oxidic species (Pt2+) (blue lines). (For interpretation of the references

to colour in this figure legend, the reader is referred to the Web version of this

article.)

M. Eckardt et al. Journal of Power Sources 400 (2018) 580–591

583



3.2. Electrochemical characterization of the differently supported Pt

nanoparticles

The electrochemical properties of the differently supported Pt na-

noparticles were characterized by cyclic voltammetry in base electro-

lyte. The current responses to the electrode potential for the various Pt

catalysts, which are displayed in Fig. 3, show the typical features of

polycrystalline Pt in acidic media, i.e., the hydrogen underpotential

deposition/desorption (HUPD) signals in the range of 0.06–0.4 V and the

Pt oxidation/reduction features at potentials higher than 0.7 V [53,54].

For the CNT containing Pt/CNT and Pt/TiO2@CNT catalysts, an addi-

tional cathodic peak was observed in the HUPD region at about 0.1 V,

which overlaps with the peak for hydrogen adsorption on Pt at 0.12 V,

and which does not show up as desorption peak in the anodic scan. A

similar effect of CNTs was already reported by Chen et al. and Xia et al.,

without discussing its origin in more detail [9,55]. The discrepancy

between the anodic and cathodic charges in the Hupd region by about

40% indicates that this specific signal does not originate from hydrogen

adsorption on Pt alone. Therefore, the ECSAs were determined from the

HUPD desorption charges in the positive-going scan of the BCV. Com-

paring the CVs of Pt/C with those of the Pt/TiO2, Pt/CNT and Pt/

TiO2@CNT catalysts shows a lower pseudo-capacitive current in the

double layer region (0.4 V–0.8 V) for the latter three catalysts, as ex-

pected for the lower specific surface area of the CNT (< 50m2 g−1) and

the TiO2 supports compared to the high-surface-area carbon support

(∼250m2 g−1).

Table 1 lists the Pt mass normalized ECSAs, calculated from the

HUPD desorption and from the COad oxidation charge, respectively. For

both methods, the trends of the ECSAs are identical. The Pt/C catalyst

has an about 20% higher ECSA compared to the Pt/CNT catalyst, as

expected for the absence of aggregated Pt structures on the Pt/C cata-

lyst (Fig. 1 a,b), since the Pt-network structure on the Pt/CNT catalyst

lowers the accessible Pt surface area and thus the ECSA per Pt mass

deposited significantly. Since such a network structure was not ob-

served on the composite-supported Pt particles, their Pt mass normal-

ized ECSA is rather similar to that for Pt/C. The ECSA further decreases

somewhat for the Pt/TiO2@CNT catalyst, which is most simply ex-

plained by a fraction of Pt nanoparticles that are not electrically con-

nected to the electrode. This effect is even more pronounced for the Pt/

TiO2 catalyst, whose ECSA is only about half of that of the Pt/

TiO2@CNT catalyst. Obviously, the CNTs improve the electric contact

between electrode and Pt nanoparticles as compared to the titania

supported Pt nanoparticles.

In order to gain additional information on the influence of the

support on the electrocatalytic properties of the Pt nanoparticles, i.e.,

about metal - support interactions, we performed COad oxidation ex-

periments using DEMS for the detection of the volatile product CO2.

This allows us to exclude additional contributions such as pseudo-ca-

pacitive currents to the measured Faradaic COad oxidation currents. The

resulting mass spectrometric COad oxidation signals (MSCVs) are

Fig. 3. Comparison of the BCVs of a) Pt/C, b) Pt/CNT, c) Pt/TiO2@CNT and d) Pt/TiO2 measured via RDE in N2-saturated 0.5MH2SO4, 10mV s−1.

M. Eckardt et al. Journal of Power Sources 400 (2018) 580–591

584



presented in Fig. 4. Similar to the XPS measurements, they show a clear

influence of the different support materials. In good agreement with

previous findings, the COad oxidation potential of the Pt/TiO2 catalyst

(maximum at 0.69 V) is about 90mV lower than that of the Pt/C cat-

alyst (0.78 V), both in the Faradaic and mass spectrometric currents

[56,57]. The peak potentials of the Pt/CNT catalyst were found at about

0.8 V, in agreement with the observation of Li et al. [58], and the same

value was observed for the Pt/TiO2@CNT catalyst. This contrasts the

behavior of the chemical shifts in XPS, where the Pt(4f) electrons of the

Pt/CNT catalyst show a similar shift of the BE to lower values as for the

Pt/TiO2 catalyst. On the other hand, the Pt particles of the Pt/

TiO2@CNT catalyst showed a similar BE of the Pt(4f) electrons as for

the Pt/TiO2 catalyst, which we took as further evidence that these Pt

nanoparticles are mainly located on titania (see also the TEM results).

In total, these results underline that there is no simple correlation be-

tween the COad oxidation activity and electronic effects induced by the

support. Apparently, the support effect of titania on the Pt particles is

different for Pt/TiO2 and for Pt/TiO2@CNT, where only a thin film of

TiO2 is present on a conducting support backbone, demonstrating the

different influence of thin titania layers and bulk titania on the sup-

ported particles. In addition, these results show that it is not possible to

directly link a shift of the Pt(4f) BE with an electrocatalytic effect on the

COad oxidation and with that the catalytic performance of a catalyst.

The COad oxidation traces of the Pt/CNT and Pt/TiO2@CNT cata-

lysts also exhibit a distinct pre-peak at lower potentials between 0.7 and

0.75 V (Fig. 4). It is also present for the Pt/C catalyst, but to a relatively

lower extent. A lower potential for COad electrooxidation can result

from a destabilization of the COad species on highly covered surfaces by

repulsive interactions, CO adsorption on defect sites, and/or particle

size effects, where small particle sizes lead to an up-shift of the COad

oxidation peak [59,60]. For the Pt/CNT catalyst, the pre-peak can be

explained by the agglomeration of the Pt particles, which is equivalent

to a distinct increase in Pt particle size, i.e., the pre-peak would reflect

the more bulk-like behavior of Pt particles in electric contact [61].

Additionally, Johannson et al. [62] suggested that the different elec-

tronic structures at the end of the CNTs and at the graphitized sites

along the CNTs are responsible for the different oxidation states. In-

terestingly, the COad oxidation potential of the Pt/TiO2@CNT catalyst is

about 100mV higher than that of the Pt/TiO2 catalyst, while the Pt(4f)

BEs are essentially identical for both. The reason for this discrepancy in

the CO oxidation potential of the TiO2 and TiO2@CNT supported Pt

nanoparticles is still unclear. While on a first approach the chemical

particle - support interactions are expected to be identical, supported

also by the similar Pt(4f) BEs, the difference in COad oxidation potential

indicates that there must be differences in the chemical properties of

the Pt/TiO2 and Pt/TiO2@CNT surfaces.

3.3. Catalytic activity in the ORR

The ORR performance was characterized by potential scan RRDE

(up-scan) measurements in O2-saturated base electrolyte at 1600 rpm

(see in Fig. 5 a,b). Both, the Pt/CNT and the Pt/C catalyst behave si-

milarly and reach the expected mass transport limited current density

(geometrical) of about 4.4mA cm−2 [43]. The Pt/TiO2 catalyst, how-

ever, does not achieve the current density of the carbon-based support

catalysts (Pt/C and Pt/CNT), most likely because of an insufficient

amount of electrically connected Pt particles and possibly a poor

oxygen transport in the catalyst layer. The addition of the conducting

CNT backbone (Pt/TiO2@CNT), however, improves the mass-transport-

limited current significantly. Nevertheless, in the kinetic region, the

performance of the titania-CNT composite-supported catalysts is

slightly worse than that for the TiO2-free catalyst (see also Fig. 5a). The

hydrogen peroxide yields (Fig. 5b) are lower than 2% for all examined

samples at potentials higher than 0.2 V although they increase slightly

with decreasing potential for the titania containing catalysts.

For comparison of the ORR activity, we used both the mass-nor-

malized currents (mass specific activity (MA), normalized to the Pt

mass of the catalyst) and the ECSA-normalized (ECSA evaluated by

using the HUPD-area) currents (specific activity, SA), where the former

provides information on the technically relevant activity and the latter

on the inherent activity of the catalyst surface. The values obtained for

the MA and SA at 0.85 V are compiled in Fig. 5c. Here the Pt/TiO2

catalyst shows the lowest mass specific activity, while the other three

catalysts exhibit about similar current densities. For the specific ac-

tivity, we find the highest value for the Pt/TiO2 catalyst, which had also

the lowest mass specific ECSA, followed by the Pt/CNT, Pt/C and Pt/

TiO2@CNT catalysts. For the mass specific activity, the difference be-

tween the catalysts are smaller. Here the Pt/C catalyst (E-Tek) shows

the highest value (67 ± 8mAmg−1), in agreement with values re-

ported previously [63]. The mass specific activities of the composite

supported catalyst is comparable to that of the Pt/CNT catalyst, even

though the Pt particles are located on titania in the first case, and both

are close to that of the Pt/C catalyst. The lowest activity is obtained for

the Pt/TiO2, which displays only half of the mass specific activity of the

composite supported Pt/TiO2@CNT catalyst.

The MA for Pt/TiO2@CNT (62 ± 3mAmg-1 at 0.85 V) compare

well with the highly active TiO2/CNT-composite supported Pt catalysts

(∼60mAmg-1 at 0.85 V) of Akalework et al. [23]. The Pt/TiO2 catalyst

investigated in the present work (36 ± 7mAmg-1 at 0.85 V) even ex-

ceeds the performance of the Pt/TiO2 catalyst of Huang et al. with a MA

of about 26mAmg−1 [8].

3.4. Stability of the ORR catalysts under start – stop conditions: Accelerated

Degradation Tests (ADT)

To test the long-term stability of the catalysts and their ORR per-

formance, fuel cell relevant ADTs were performed, mimicking the

Fig. 4. COad stripping experiment on Pt/C, Pt/CNT, Pt/TiO2@CNT and Pt/TiO2

performed via DEMS in N2-saturated 0.5MH2SO4, 10mV s−1, m/z=43.9.
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degradation under start-stop conditions (square wave cycling, SWC)

[7,19,33–35]. In general, the ADT SWC procedure strongly affects the

catalysts due to the wide potential window (0.4–1.4 V) [1,35,36].

Before presenting and discussing the degradation induced changes

in the electrochemical and electrocatalytic properties of the catalysts,

we will first characterize changes in the physical properties of the Pt

catalysts induced by the ADT SWC. Changes in the Pt particle size/

particle size distribution, e.g., due to agglomeration or sintering, were

characterized by TEM measurements after the ADT SWC (Fig. 1

(e,f,g,h)). Obviously, the Pt/C catalyst had lost a significant fraction of

its Pt surface due to particle growth and agglomeration (36% increase

in particle size for Pt/C, Table 2), which fits well to the loss of ECSA.

For the Pt/CNT catalyst, the TEM measurements also identify a strong

particle growth (44% increase in mean particle size for Pt/CNT,

Table 2, Fig. 1 b and f), indicating a strong tendency for Pt particle

growth/agglomeration also on Pt/CNT catalysts, which considering

their ECSA are more stable than the Pt/C catalysts. The titania layer of

the Pt/TiO2@CNT catalyst seems to stabilize the Pt particles against

growth/agglomeration, as indicated by Fig. 1 c and 1 g and Table 2,

where the particle size distribution stays almost unchanged, with only a

slight growth in the mean particle size. Likewise, also the Pt/TiO2

catalyst reveals only a minor increase of the Pt particle size (Fig. 1 d and

1 h and Table 2). The less pronounced increase in Pt particle size for the

titania-supported Pt particles was often explained by a stronger inter-

action and thus lower mobility of Pt with/on TiO2 [64].

The detail spectra of the Pt(4f) regions of the Pt/TiO2 catalyst ob-

tained in XPS measurements before and after the ADT SWC in N2 at-

mosphere is shown in the Supporting Information in Fig. S3. The sta-

bility test does not result in any major changes in the electronic

properties of the Pt according to the XPS results. They even indicate a

lower fraction of oxidized PtOx surface species on the surface, thereby

excluding a modified electronic effect of the titania as a reason for the

degradation in ORR activity.

To quantify the overall Pt loss during the ADT SWC procedure, we

analyzed the electrolytes used for the ADT SWCs by ICP OES. The re-

sults in Table 2 clearly demonstrate the low stability of the amorphous

Fig. 5. ORR measurements: a) ORR current densities (geometrical), b) H2O2 selectivity for Pt/C, Pt/CNT, Pt/TiO2@CNT and Pt/TiO2 and c) surface specific activity

(SA) and mass specific activity (MA) at 0.85 V, determined by RRDE in O2-saturated 0.5MH2SO4 (10mV s−1, 1600 rpm).

Table 2

Pt particle sizes before and after ADT SWC, Pt particle size increase and Pt loss

during ADT SWC.

Pt/C Pt/CNT Pt/TiO2@CNT Pt/TiO2

init. 3.1 ± 0.5 nm 2.3 ± 0.7 nm 2.6 ± 0.5 nm 2.7 ± 0.6 nm

ADT SWC 4.2 ± 0.9 nm 3.3 ± 1.1 nm 3.2 ± 0.9 nm 3.0 ± 0.7 nm

Part. size

increase

36% 44% 24% 12%

Pt loss* 47 ± 3% 12 ± 1% 17 ± 2% 11 ± 3%

*determined via ICP OES.
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carbon supported catalyst (Pt/C), since about half of Pt is lost during

the stability test. The Pt/CNT, Pt/TiO2@CNT and Pt/TiO2 catalysts

show much lower Pt losses than the Pt/C catalyst, reaching values be-

tween 10 and 20% (Table 2).

The results of the ADT SWCs are displayed in Fig. 6, which show the

changes in the BCVs (a-d) and the ORR current densities (e-h), as well

as the modification of the ECSA (i), the ORR activity (geometric current

density, j), Pt surface area normalized activity (SA, k) and Pt mass

normalized activity (MA, l) upon the ADT SWC procedure. Considering

the loss in ECSA, the CNT and the CNT-titania composite supported

catalysts are less affected than the Pt/C and Pt/TiO2 catalysts, with

about 60% for the former ones after 10000 cycles, while it is> 90% for

the latter catalysts. Hence, the Pt/C and Pt/TiO2 catalysts almost

completely lost their ECSA, very different from the stabilizing effect of

pure TiO2 reported in the literature [8,23]. However, the degradation

test conditions are different from the ADT SWC used in this work. For

instance, Huang et al. [8] applied a potential window of 0.6–1.15 V for

1000 cycles at 50mV s−1, whereas Akalework et al. [23] cycled 2500

times at 50mV s−1 from 0.6 to 1.4 V for the simulation of the de-

gradation [8,23].

Another interesting effect is that for the Pt/TiO2@CNT catalyst the

Pt oxidation/reduction related features vanish almost completely in the

BCVs, while the HUPD features are still clearly visible (Fig. 6 c,d). This

disappearance of the Pt oxidation/reduction peaks was also observed by

Savych et al. [65] for Pt on titania nanofibers, though for rather dif-

ferent degradation conditions.

Interestingly, the situation is different when looking at the ORR

activity (Fig. 6 i–l). Here we will first compare the geometric current

densities (normalized to the surface area of the electrode), which do not

consider changes in the ECSA or in the loss of Pt loading due to dis-

solution. This is the most relevant parameter for describing the catalyst

degradation from a technical point of view, since it characterizes the

loss of electrode performance. If not stated differently, we will use this

value in future when discussing the ORR activities. Comparing again

the values obtained at 0.85 V, the activity of both titania-supported Pt

catalyst electrodes decreases much more rapidly than those of the

carbon supported Pt/C and Pt/CNT catalysts, with an essentially com-

plete loss of the ORR activity at 0.85 V after 10000 cycles for the former

ones, while the latter ones show a less pronounced decay in ORR ac-

tivity (loss about 55%).

The discrepancy between losses in ECSA and in the geometric ORR

current density results in pronounced changes in the Pt surface area

normalized ORR activity (SA) during the ADTs. The SA of Pt/C in-

creases by 175%, caused by a ECSA loss of 88% and the less severe

current density loss of 55%, while for Pt/CNT the SA stays about con-

stant even after 10000 cycles, and the Pt/TiO2@CNT as well as the Pt/

TiO2 catalysts even show a pronounced decrease of the SA. This results

from the combination of a strong degradation in ORR activity (geo-

metric ORR current densities) and a much less pronounced decay in

ECSA.

Finally, we will also compare the Pt mass normalized ORR activities

(MA). In this case we used the initial Pt loading for determining the

Fig. 6. Overview of the ADT SWC stability test results for Pt/C, Pt/CNT, Pt/TiO2@CNT and Pt/TiO2 performed via RRDE after 1, 1000, 5000, 10000 SWC cycles,

(a,b,c,d) BCV measurements in N2-saturated 0.5MH2SO4, 10mV s−1; (e,f,g,h) ORR measurement in O2-saturated 0.5MH2SO4, 10 mV s−1, 1600 rpm and comparison

of the degradation of i) the ECSA, j) the geometrical ORR current densities, k) the surface specific activity (SA) and l) the mass specific activity (MA) for the ADT SWC

stability tests.
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initial MA, while the final MA was calculated using the amount of Pt left

on the catalyst after the ADT SWC. The latter was determined as the

difference between the initial Pt loading and the Pt amount dissolved in

the electrolyte after the ADT SWC (see above for details). Using these Pt

contents on the initial and degraded Pt catalysts, Pt/C is the most stable

catalyst with only a loss of about 12%, whereas Pt/CNT loses 48% and

both titania supported Pt catalysts show a complete loss of their MA.

In combination, the above results lead to a contradicting picture.

They show a higher stability of the Pt particles on titania against dis-

solution (Pt/TiO2≈ Pt/CNT≈ Pt/TiO2@CNT « Pt/C) and growth (Pt/

TiO2 < Pt/TiO2@CNT < Pt/C < Pt/CNT) as determined by ICP OES

and TEM measurements, where the latter finding are also in agreement

with previous reports [4,8,18,66]. This differs distinctly from the trend

in the ECSA, where the stability decreases in the order Pt/CNT≈ Pt/

TiO2@CNT « Pt/C < Pt/TiO2. For the Pt/TiO2 catalyst, the ECSA had

decreased to only 4% after the ADT SWC. Also contradictory are the

different trends in ECSA and ORR activity, using the geometric current

density at 0.85 V. The latter decays in the order Pt/CNT≈ Pt/C « Pt/

TiO2@CNT≈ Pt/TiO2, showing a by far stronger loss of activity for the

TiO2 supported catalysts. Most simply, one would expect similar trends

for both, resulting in a constant SA, which is obviously not the case.

Therefore, there must be other processes not considered so far which

contribute to or even dominate the loss of ORR activity, but have little

impact on the ECSA.

Comparison of the results of the ADT experiments described above

with previous stability tests on pure or modified titania supported Pt

catalysts [4,8,18,21,23,67,68] is almost impossible, in particular on a

quantitative scale, because of the largely varying procedures and

parameters employed for stability tests. Furthermore, also the Pt/C

catalysts often used as reference seemed to vary considerably in their

catalytic performance and stability, limiting also the comparison on a

relative scale. Overall, the degradation of the Pt/TiO2@CNT catalyst

presented here seems to be comparable to that of other titania based

catalysts, although this conclusion will depend considerably on the

quality of the respective reference catalysts [8,23], and there is ample

evidence that under certain conditions titania based support materials

can be benificial for the stability of Pt catalysts in the ORR

[4,18,67,68].

Other processes which could lead to a loss of ORR activity are, e.g.,

a loss of electrical contact of Pt nanoparticles (change in geometric

current density and mass specific ORR activity), electronic modification

of the Pt particles (change in all three types of ORR activity), or partial

overgrowth of the Pt particles by support material (change in geometric

current density and mass specific ORR activity). It is well known for Pt/

TiO2 catalysts that under reducing conditions these can be overgrown

by reduced TiOx species, which is generally described as strong metal-

support interaction (SMSI effect) [69,70]. Different from heterogeneous

catalysis, where such overgrowth processes typically occur at tem-

peratures of several hundred degrees Celsius, reductive TiOx formation

would here be induced at room temperature, by the repetitive excursion

of the electrode potential to low values. Such kind of overgrowth would

stabilize the Pt particles against coalescence and dissolution, as ob-

served by TEM and ICP OES for Pt nanoparticles loaded on TiO2 and

TiO2@CNT. The thin titania cover layer is expected to block access of

O2 to the underlying Pt surface, thereby hindering the ORR and the Pt

surface oxidation as shown before (Fig. 6). On the other hand, this is not

reproduced by the Hupd behavior, however, we suspect it is caused by

the higher mobility of H+ compared to O2.

In the following we will present additional experiments, which were

performed to shed more light on the physical origin of the strong loss of

ORR activity of the TiO2 supported catalysts upon the ADT SWC pro-

cedure. If the loss in ORR activity was simply due to inhibited O2 dif-

fusion to the surface, one might envision that Hupd is still possible,

while O2 transport to the surface is inhibited. To test this hypothesis, we

also determined the ECSA before and after the stability test via oxida-

tion of pre-adsorbed CO, comparing the COad oxidation charge with the

Hupd charge. As a result (Table 3), we found comparable losses of the

ECSA for both methods upon the ADT SWC and thus no significant

indication for a blockage of CO adsorption by the titania layer. Con-

sidering that CO diffusion should be equally affected as O2, based on

their comparable sizes, the above hypothesis cannot explain the dis-

crepancy between ECSA and ORR activity.

To further test the proposed overgrowth effect, we performed HR-

TEM measurements (Supporting information: Fig. S4) of the Pt/

TiO2@CNT catalyst before and after the ADT SWC in order to directly

detect the blocking titania layer. The images indicate that the Pt par-

ticles of Pt/TiO2@CNT are located mainly on the titania. There seems to

be a thin layer of an unidentified species on top of the Pt particles, both

before and after the ADT SWC. The thickness of that layer is < 1 nm.

Nevertheless, because of the absence of any significant changes upon

the ADT SWC this result cannot support the proposal of Pt particle

overgrowth nor does it contradict it.

As another test we exposed the catalyst after the ADT SWC to a

reducing treatment, exposing it for 30min at 0 V to H2-saturated elec-

trolyte (1600 rpm). Here one might envision that adsorbed hydrogen

can displace the TiOx layer from the Pt surface, thereby increasing the

Pt surface area accessible to O2. Fig. 7 depicts the result of these

measurements, where the ORR after the ADT SWC is shown before and

after holding at 0 V for 30min in H2-saturated electrolyte. The data

resolve almost no effects for the carbon supported catalysts (a, b), while

for the titania supported catalysts (c, d) there is a small increase in ORR

activity. Such kind of recovery would not be expected for (irreversible)

Pt dissolution, losses due to Pt particle detachment and similar pro-

cesses. However, we cannot exclude that this effect is caused by the

increased electric conductivity due to the reduction of the titania sup-

port material.

To gain further insight on the physical origin of the extensive loss of

ORR activity (MA) of titania supported Pt catalysts, we performed a

number of additional measurements. In a first experiment, the ADT

SWC protocol was modified to step between 1.0 and 1.4 V for 10000

cycles in N2 atmosphere (Fig. 8 a). This way we only probe the influ-

ence of the high (oxidative) potential on the degradation and exclude

the repetitive oxidation - reduction cycles of the Pt surface. The results

are shown in Fig. 8 a, where we find nearly no degradation after the

adjusted ADT SWC (1.0–1.4 V) procedure. Hence, the extensive loss of

ORR activity of titania supported Pt must be caused by the continuous

reduction/oxidation of the titania support surface and is not mainly due

to the oxidative high potential (1.4 V) treatment.

A similar observation was reported by Marcu et al. [35], who show a

more pronounced degradation (square wave cycling) of, e.g. the ECSA,

when applying low potential limits (0.6–1.4 V) instead of higher ones

(1.0–1.4 V).

This result would fit to the overgrowth mechanism, as the latter is

driven by reductive reaction conditions [71,72]. It also means that for

these titania supported catalysts reductive conditions, corresponding to

very high ORR overpotentials, can be at least equally deteriorating as

high oxidative potentials (potential inversion) at the cathode. For the

appraisal of degradation tests of oxide supported Pt catalysts by ADT

SWC procedures this means that the lower potential limit is highly re-

levant as well, since this can severely affect the overall degradation of

the catalyst.

In another experiment we modified the ADT SWC procedure by

performing it in O2-saturated rather than in N2-saturated electrolyte,

Table 3

Comparison of the ESCA loss during 10000 cycles of the ADT SWC calculated

via the HUPD area and COad oxidation.

Pt/C Pt/CNT Pt/TiO2@CNT Pt/TiO2

ECSA (HUPD) −87% −59% −67% −89%

ECSA (COad ox.) −85% −64% −71% −84%
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hence, under more oxidizing conditions (potential steps etc. were kept

as before) (Fig. 8 b–e). Obviously, the oxidizing atmosphere during the

ADT SWC procedure has no significant effect for the Pt/C and Pt/CNT

catalysts, while for the titania supported ones (Pt/TiO2 and Pt/

TiO2@CNT catalysts) we find a clear difference between both proce-

dures. For these catalysts, the degradation of the ORR activity (geo-

metric current density) is significantly less during the ADT SWC in O2-

saturated electrolyte than in the N2-saturated electrolyte. Hence, these

results underline the strong influence of reductive conditions on the

degradation of the ORR activity of titania supported Pt catalysts, which

was concluded from the last experiment.

Finally, we tested the activity of the Pt/CNT and the Pt/TiO2@CNT

catalysts in the hydrogen oxidation reaction (HOR) before and after the

ADT SWC treatment (Supporting Information: Fig. S5). The HOR al-

ready shows a major difference comparing both catalysts before the

stability test. For the Pt/CNT catalyst, the (mass transport limited) HOR

current decreases at potentials higher than 0.8 V, which was attributed

to the oxidation of the Pt surface at> 0.8 V and the resulting inhibition

of the HOR [73,74]. For the Pt/TiO2@CNT catalyst, this decline is much

less pronounced, indicating less efficient oxidation of the Pt surface.

This result fully agrees with the less pronounced Pt oxidation/reduction

features in the BCVs of the latter catalysts (Fig. 3). This discrepancy

becomes even more obvious after the ADTs (0.4–1.4 V, in N2), where

the HOR current decline at > 0.8 V is even more pronounced for the

Pt/CNT catalyst, while the Pt/TiO2@CNT catalyst does not show any

decline of the HOR in this potential range. Obviously, the presence of

the TiO2 support stabilizes the Pt surface against oxidation at poten-

tials> 0.8 V, although the underlying reasons are not yet clear.

Overall, these additional experiments could provide detailed in-

formation on the degradation behavior of TiO2 supported catalysts in

the ORR, although the origin for their pronounced degradation under

start-stop conditions, including also excursions to rather reductive po-

tentials, is not yet clear. Further work is required for a better under-

standing of the microscopic details of these processes. Nevertheless, the

present results already indicate that using corrosion resistant metal

oxide supports for Pt cathode catalysts in PEMFC applications may re-

sult in a different catalyst degradation process, if the catalyst experi-

ences both reductive and strongly oxidizing conditions, as it is the case

under start-stop conditions. We believe that the trends derived from

Fig. 7. Regeneration measurement (ORR) for a) Pt/C, b) Pt/CNT, c) Pt/

TiO2@CNT and d) Pt/TiO2: 10000 cycles ADT SWC in O2-sat. electrolyte

(0.5 MH2SO4, 10 mV s−1, 1600 rpm), followed by reduction treatment

(30min at 0 V in H2-sat. electrolyte).

Fig. 8. Comparison of the ORR degradation upon 10000 cycles of the ADT

SWC. a) Pt/TiO2 before and after the ADT SWC in N2-saturated electrolyte with

different potential windows (0.4–1.4 V (black) and 1.0–1.4 V (red)). b – e) ORR

before and after ADT SWC in N2-saturated electrolyte (black) and in O2-satu-

rated electrolyte (red), b) Pt/C, c) Pt/CNT, d) Pt/TiO2@CNT and e) Pt/TiO2

(ORR: O2-saturated 0.5MH2SO4, 10 mV s−1, 1600 rpm). (For interpretation of

the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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these results hold true also for other Pt based electrocatalysts con-

taining titania, titania oxynitride and other metal oxides, where similar

degradation processes can be expected.

4. Summary

Aiming at Pt nanoparticle catalysts for application in polymer

electrolyte membrane fuel cell (PEMFC) cathodes which are highly

active and more corrosion resistant under realistic mobile applications

than common Pt/C catalysts, we have prepared and investigated Pt

catalysts supported on highly stable TiO2@CNT, nanostructured com-

posite materials. Comparison of the resulting catalysts with commer-

cially available Pt/C (E-Tek) as well as Pt/CNT and Pt/TiO2 catalysts

leads to the following conclusions:

1. All catalysts, except Pt/CNT, showed mean particle sizes of

2.3–3.1 nm, which were homogeneously distributed on the support.

2. Electronic metal – support interactions lead to a shift of the Pt(4f)

state to lower BEs of about 0.6 eV for Pt/TiO2 and Pt/TiO2@CNT

relative to the Pt/C catalyst.

3. Support effects were observed also for the electrooxidation of pre-

adsorbed COad, where the Pt/TiO2 catalyst showed a shift to lower

potentials by about 100mV compared to the Pt/C catalyst. For the

Pt particles on the composite material a similar shift of the COad

oxidation potential was not observed, although based on the XPS

results the Pt nanoparticles were located on the titania. Obviously,

the thin titania layers on carbon show a different support effect than

bulk titania.

4. The ADT SWC stability test simulating start-stop conditions showed

pronounced effects on the Pt loading (due to Pt dissolution), on the

electrochemically active Pt surface area, and on the ORR activity. Pt

dissolution is most pronounced on Pt/C, less on Pt/CNT and least on

the titania supported catalysts. For the ECSA, Pt/C and Pt/TiO2

showed high losses after 10000 cycles, while the Pt/CNT and Pt/

TiO2@CNT catalysts were more stable. Considering the ORR activ-

ities, using the geometric current densities, the Pt/C and Pt/CNT

catalysts showed the highest activities after 10000 cycles (lowest

degradation), while the loss of activity was by far stronger for the

TiO2 supported catalysts (almost complete loss of activity).

5. Additional measurements performed to clarify the discrepancy be-

tween loss of ECSA and loss in ORR activity revealed that the re-

ductive processes and reductive conditions in the ADT SWC are

mainly responsible for the degradation. A tentative explanation by

overgrowth of the Pt particles by reduced TiOx could not be con-

firmed, but is also not ruled out so far.

Overall, this study demonstrates that replacement of the corrosion

sensitive carbon support by more corrosion stable oxide supports can

lead to other degradation processes, at least under start-stop conditions,

which are equally destructive for the catalyst stability. This has to be

considered in future strategies for improving the degradation stability

of cathode catalysts in PEMFCs for the highly dynamic operation in

mobile applications.
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Spherical Core–Shell Titanium (Oxy)nitride@Nitrided
Carbon Composites as Catalysts for the Oxygen Reduction
Reaction: Synthesis and Electrocatalytic Performance

Maximilian Wassner+,[a] Markus Eckardt+,[b] Christian Gebauer,[b] Nicola Hesing,[a] and
R. Jergen Behm*[b]

1. Introduction

Platinum-based nanoparticle catalysts are currently the most

active catalysts in polymer electrolyte fuel cells (PEFCs), both

for the hydrogen oxidation reaction (HOR) at the anode[1] and

the oxygen reduction reaction (ORR) at the cathode.[2] Howev-

er, they also constitute a major problem in current PEFC tech-

nology, as Pt is a rare and expensive material and furthermore

not fully stable against corrosion under PEFC operating condi-

tions, it thus plays a critical role for the durability of PEFCs.[3, 4]

In the long term it would be desirable to find alternative,

noble-metal-free, inexpensive, and stable catalysts, especially

for the ORR. Several groups have already reported other active

materials, such as the iron-based catalysts by the group of Do-

delet et al.[5] and metal complexes with macromolecular li-

gands.[6, 7] Nevertheless, these materials still suffer from consid-

erably lower activities than Pt and insufficient stability.[8]

Carbon-based materials, mainly doped with different metals or

non-metals, were found to exhibit significant activity for the

ORR.[9–13] In particular, nitrogen-doped carbon has been shown

to be highly promising in that respect.[9,13] On the other hand,

carbon is known to degrade to a significant extent under fuel

cell operating conditions.[14] Transition metal oxides, such as

Ta2O5, TiO2, ZrO2, etc. , constitute another group of materials

that have been found to be active for ORR catalysis, some as

a result of doping,[15–18] others without.[19–21] Metal oxides are

especially interesting as they are stable in acidic and oxidizing

environments. The main disadvantage of using metal oxides is

their poor electrical conductivity, which is necessary for electro-

catalytic applications to maintain potential control at the

active sites.[18,22, 23] An increase in the electrical conductivity

leads to an increase in the number of active sites taking part

in the reaction and, thus, of the available active surface of the

catalyst, which enhances the activity for electrocatalytic reac-

tions. Doping with different agents can help to increase the

electric conductivity by lowering the band gap of the metal

oxide semiconductor.[24]

The ORR activity of these doped materials was demonstrated

by Chisaka et al. for hafnium oxynitride.[25] They reported that

N-doped hafnium oxynitride nanocrystals supported by Vulcan

XC-72 exhibit a higher ORR activity and selectivity for the four-

electron reduction of molecular oxygen to water compared

with the non-doped metal oxide. The active sites were postu-

lated to be oxygen defects in the HfOx particles, although for

boosting the ORR activity and selectivity N-doping was neces-

sary.[26] The same authors recently presented a system of titani-

um oxynitride nanoparticles supported on carbon, which dis-

played a rather high selectivity and stability, and also a promis-

Aiming at the development of highly active and stable plati-

num-free catalysts for the oxygen reduction reaction (ORR) in

polymer electrolyte fuel cells (PEFCs), we explored the poten-

tial of a new composite material, where the core–shell struc-

ture should result in a combination of high ORR activity and

improved electric conductivity. TiOxNy@CnNm composite nano-

particles were prepared by covering uniform carbon spheres of

about 300 nm in size, synthesized through the hydrothermal

reaction of glucose, with a homogeneous titania shell made by

sol-gel processing. The core–shell particles were then subject-

ed to nitridation in ammonia vapor at different temperatures

(550 8C–150 8C). The influence of the nitridation temperature

on the structure and phase composition of the resulting com-

posite particles was evaluated by a variety of techniques, in-

cluding electron microscopy (SEM, TEM), X-ray diffraction

(XRD), X-ray photoelectron spectroscopy (XPS), elemental anal-

ysis, thermogravimetric (TG) analysis, and N2 sorption measure-

ments, the electrochemical properties and the ORR per-

formance of the materials were determined by rotating ring

disk electrode (RRDE) measurements. Trends in the evolution

of the structural/chemical properties and electrochemical/elec-

trocatalytic properties as well as correlations between them

are discussed; an optimized mesoporosity of the titanium

(oxy)nitride shell was identified as the key criterion for the cat-

alyst’s ORR performance.
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ingly high ORR activity, though it is still significantly lower than

the performance of Pt-based catalysts.[17,27]

In the present study, we aim at a somewhat different strat-

egy, namely combining titanium (oxy)nitrides and nitrided

carbon in the form of a core–shell system, with a carbon core

to increase the electric conductivity and a titanium (oxy)nitride

shell. In this case, the titanium (oxy)nitride was considered also

to protect the nitrided carbon core against electrochemical

corrosion under the reaction conditions. The advantage of

using nitrided titanium oxide instead of, for example, hafnium

oxide, is its low cost and wide availability, which is critical for

later commercialization of fuel cell catalysts on an industrial

scale.

Several preparative approaches based on sol-gel processing,

atomic-layer deposition (ALD), or infiltration followed by pyro-

lysis, have been published, yielding titania/carbon composites

to use as ORR catalysts. Variations in the carbon source range

from carbon nanotubes, active carbon, carbon black, graphene,

graphene oxide, graphene quantum dots to nanocarbons and

carbon nitrides.[28–33]

Titanium nitride (nano)particles supported on carbon nano-

tubes,[34–37] graphene,[38] graphene oxide,[37] N-doped gra-

phene,[39] and carbon black[40] have been reported as functional

ORR catalyst composites. The deposition of titania particles on

carbon nanotubes and graphene was achieved by sol-gel proc-

essing, followed by nitridation with ammonia.[35,36,39] Direct for-

mation of titanium nitride (nano)particles was achieved by

a modified urea glass route, by impregnation of carbon nano-

tubes and graphene oxide with a Ti–urea complex,[37] or by

using a mpg-C3N4/CB or mpg-C3N4/CNT template (mpg=meso-

porous graphite-like), respectively, loaded with a Ti precur-

sor.[34,40] In both synthesis routes, subsequent heat treatment

resulted in the formation of titanium nitride (nano)particles on

the carbon support material.[37] A single-step synthesis to yield

titanium nitride nanoparticles with a carbon inclusion was real-

ized by hydrolysis of TiCl4 with NaN3 in supercritical benzene

as the solvent and carbon source.[38]

To the best of our knowledge, there are only a few re-

ports[35, 36,39] on titanium oxynitride@nitrided carbon compo-

sites formed by simultaneous nitridation, which furthermore

result in a homogeneous shell of the (oxy)nitride. This was at-

tempted in the present study by treating a titanium oxide@-

carbon core–shell precursor system with ammonia vapor. We

will demonstrate that heat treatment and nitridation tempera-

ture have a significant influence on the crystallinity and porous

structure as well as the chemical composition of the resulting

core–shell composite particles. Particularly interesting is the

development of mesoporosity in the titanium (oxy)nitride shell,

resulting upon nitridation, as it facilitates access to the carbon

core, both during synthesis and during the electrocatalytic re-

action. Furthermore, this has the potential to significantly in-

crease the accessible surface area of the active shell material.

In the following, we will, after a brief description of the ex-

perimental procedures and methods used in this study (Experi-

mental Section), present the results of the physical characteri-

zation of the resulting core–shell systems (section 2.1). This will

start with the carbon spheres used as the core component

(section 2.1.1), followed by the titania@carbon composite

spheres (TiO2@C) (section 2.1.2), and finally the titanium (oxy)-

nitride@nitrided carbon composite spheres (TiOxNy@CnNm) re-

sulting from nitridation at different temperatures (sec-

tion 2.1.3). This will be followed by the electrochemical charac-

terization of the different TiO2@C and TiOxNy@CnNm composite

materials by cyclic voltammetry in both acidic and alkaline

electrolyte (section 2.2). Next, we will evaluate the performance

of these materials in the ORR, evaluating both the activity and

selectivity for the four-electron reduction of O2 to water under

enforced transport conditions by rotating ring disk electrode

(RRDE) measurements (section 2.3). Finally, we will discuss the

possible correlations between the measured ORR activity and

the structure and porosity of the titania (oxy)nitride@nitrided

carbon composites.

Experimental Section

Chemicals

All chemicals were purchased from commercial suppliers and were

used without further purification unless stated otherwise: ethanol

(VWR, 99.5% for synthesis or Merck Emsure, absolute for analysis

by electrochemical measurements), glucose (Amresco, 98%),

Nafion (Sigma–Aldrich, perfluorinated ion-exchange resin, 10 wt%

dispersion in water), potassium hydroxide (Merck Emsure, for anal-

ysis), sulfuric acid (Merck Suprapur, 96%), titanium(IV) butoxide

(Merck, 98%), diethyl ether (Gatt Koller, 99%). High-purity gases

were obtained from different suppliers : ammonia (99.9%) and

argon (99.99%) from Air Liquide, nitrogen (5.0) and oxygen (6.0)

from Westfalen AG.

Synthesis of Uniform Titanium (Oxy)nitride@Nitrided Carbon

Spheres

Carbon spheres were synthesized by hydrothermal reaction of glu-

cose according to Ref. [41] . A solution of glucose (165 mL, 0.75m)

in distilled water was hydrothermally treated at 165 8C for 10.5 h.

The resulting spherical carbon particles were washed three times

with 200 mL each of distilled water and ethanol, then centrifuged

and dried. The carbon spheres were heat-treated for 2 h (heating

rate 5 8Cmin@1) in an argon atmosphere at different temperatures,

from 550 8C to 1150 8C in 150 8C steps.

A homogeneous titania shell was deposited by sol-gel processing

of titanium alkoxides in the stable colloidal solution of the carbon

spheres in ethanol and water, following the procedure reported by

Ming et al.[42] A colloidal solution of carbon spheres (0.7 g) in abso-

lute ethanol (60 mL) was prepared by ultrasonic treatment (2.5 h).

Titanium(IV) butoxide (1.05 g) was first added dropwise to this col-

loidal solution, followed by homogenization of the titanium pre-

cursor within the colloidal solution of carbon spheres by stirring

for 1.5 h. Next, distilled water was added (1 mLmin@1) with stirring.

The colloidal solution was then aged for 16 h. Subsequent solvo-

thermal treatment at 200 8C for 6 h led to spherical titania@carbon

particles. The product was washed once with 50 mL each of etha-

nol and diethyl ether, then centrifuged and dried. Titania@carbon

spheres were subjected to the same heat treatment (heating rate

5 8Cmin@1, 2 h) in an argon atmosphere as reported for the carbon

spheres at different temperatures, from 550 8C to 1150 8C in steps

of 150 8C.
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As a reference material, pure titania powder was synthesized and

calcined as described above, without the carbon core.

Third, the titania@carbon spheres were subjected to nitridation

with ammonia vapor at different temperatures between 550 8C and

1150 8C (2 h, atmospheric pressure), resulting in titanium (oxy)nitri-

de@nitrided carbon composites. After placing the as-synthesized ti-

tania@carbon composite (200 mg) within the tube furnace and

flushing with argon, the sample was heated to the desired reaction

temperature (heating rate 5 8Cmin@1) in an ammonia gas flow. The

NH3 flow during the heat-up phase was adjusted such that the

overall volume of the gas stream during this phase was equal to

the volume of the furnace tube (12 L). On reaching the reaction

temperature, the NH3 flow was adjusted to 2.5 nLh@1.

In addition to the composites, P25 titania powder (Degussa) was

nitrided for comparison.

In the following, the carbon spheres are labelled as C, titania@car-

bon spheres as TiO2@C, and the titanium (oxy)nitride@nitrided

carbon spheres as TiON@CN. The pure titania and titanium (oxy)ni-

tride reference materials are labelled as TiO2 or TiON, respectively.

The number added to those labels states the reaction temperature

(RT= room temperature—no thermal treatment; 550–1150=

550 8C–1150 8C).

Physical Characterization

SEM images were taken with a field emission-scanning electron mi-

croscope (FE-SEM, Zeiss Ultra Plus). For imaging, the samples were

deposited on a conducting carbon film. Bright field transmission

electron microscopy (BF-TEM) images were taken with a JEOL1400

instrument equipped with a CCD camera. For these measurements,

a droplet of ethanol (Merck Emsure) solution containing the mate-

rial powder (ca. 1 mgmL@1) was deposited on a carbonized Cu grid

(Plano, Mesh 300), followed by evaporation of the ethanol. For

CHN elemental analysis, a Vario MICRO cube instrument (Elementar

Analysensysteme GmbH) was used. The thermal decomposition

temperature was 1000 8C in air. Thermogravimetric analysis of the

samples, simultaneously monitoring the mass loss (TGA= thermo-

gravimetric analysis) and the heat release (DTA=differential ther-

moanalysis), was performed with a Netzsch STA 449 C system in air

or in an argon atmosphere. The temperature range was chosen

from 20 to 1000 8C with a heating rate of 10 8Cmin@1. X-ray diffrac-

tion measurements using an X’Pert MPD pro instrument (PANalyti-

cal) were performed by applying Cu Ka radiation (l=0.154 nm) in

a 2q range of 58 to 708 (0.0258 continuous mode, 3.5 s per 0.258).

The average crystallite size was evaluated by the Scherrer equation.

To determine the mass percentage of the different crystalline

phases, Rietveld refinement was applied. The specific surface area

(SSA) and porosity were determined by N2 sorption measurements

with a Micromeritics ASAP 2420 instrument (Micromeritics) at

a temperature of @196 8C and at a relative pressure range of p/p0

between 0.05 and 0.99. The specific surface was calculated by the

Brunauer–Emmett–Teller method in a relative pressure range of

0.05 to 0.3 p/p0. The ratio of micropore surface area (MSA) to spe-

cific surface area was calculated by the t-plot method (thickness

curve: carbon black STSA, fitted thickness range: 0.3–0.5 nm).

The XRD measurements of the catalyst film (TiON@CN-850) on the

glassy carbon substrates before and after the stability test (acceler-

ated degradation test (ADT) with square wave potential cycling

(SWC)) were performed with a Siemens/Bruker D5005 diffractome-

ter by using a Cu cathode and a Gçbel mirror.

The X-ray photoelectron spectroscopy (XPS) measurements were

performed by using a Physical Electronics PHI 5800 Multi ESCA

System, applying monochromatic AlKa radiation at an emission

angle of 458 and pass energy of 29.35 eV (detailed spectra). The

samples were prepared by depositing and drying an aqueous cata-

lyst suspension (20 mL) on a silicon wafer, which was pre-treated in

ultrapure water (MilliQ), KOHaq, and H2SO4conc. Si substrates were

used instead of a carbon-containing support to avoid an overlap

with the C1s signal of the carbon-containing catalyst film. CasaXPS

software was used for background subtraction of the measured

signals, by using a Shirley background. Binding energies were cali-

brated by using the C1s signal at 284.8 eV (adventitious carbon)

and the Si2p signal of SiO2 at 103.2 eV.[43]

Electrode Preparation and Electrochemical Measurements

The catalyst thin film electrode was prepared by pipetting an

aqueous suspension of the synthesized carbon and of the respec-

tive reference or composite material (20 ml of a 4 mgmL@1 suspen-

sion; Millipore MilliQ, 18.2 mWcm) onto a mirror-polished glassy

carbon (GC) disc (Sigradur G from Hochtemperatur Werkstoffe, d=

6 mm) and subsequent drying under a N2 stream. Afterwards, the

film was covered with the same amount of a 1 wt% aqueous

Nafion solution and dried again. The resulting Nafion film is suffi-

ciently stable to keep the catalyst layer on the glassy carbon sub-

strate under rotation in the electrolyte, but thin enough to avoid

additional diffusion limitations.[44] The geometric area of the elec-

trochemically accessible part of the electrode is 0.28 cm2. The ex-

periments were performed in a rotating ring disk electrode (RRDE)

setup (Pine Instruments Analytical Rotator, AFASRE), with a thin

film electrode on the GC disc as the working electrode, which is

surrounded by a Pt ring biased at 1.2 V. A Pt wire served as the

counter electrode and a reversible hydrogen electrode (RHE) as the

reference electrode, both in separate compartments connected by

a glass frit. The RHE was filled with the same electrolyte as used in

the electrochemical measurements, the pH effect on the potential

was therefore automatically considered. In the following, all poten-

tials will be quoted versus that of a RHE. The potential was con-

trolled by a bi-potentiostat (Pine Instruments AFRDE5). The sup-

porting electrolytes for the measurements, both in acidic solution,

0.5m H2SO4 (Merck Suprapur, Millipore MilliQ, 18.2 mWcm), and in

alkaline solution, 0.1m KOH (Merck Emsure, Millipore MilliQ,

18.2 mWcm), were saturated with N2 gas during the whole experi-

ment. Cyclic voltammetry (CV) measurements in base electrolyte

were performed at a scan rate of 10 mVs@1 in the potential range

of 0.06 V to 1.2 V for the acidic media and @0.4 V to 1.2 V in alka-

line electrolyte. The potentiodynamic ORR measurements in O2-sa-

turated supporting electrolyte were performed at 10 mVs@1 at a ro-

tation rate of 1600 rpm.

For the simulation of the start/stop cycles, we used an accelerated

degradation test (ADT) procedure, which involves square wave po-

tential cycling (SWC) between 0.4 and 1.4 V, holding at each poten-

tial for 1 s.[3, 45, 46] This was performed in the same set up (N2-saturat-

ed base electrolyte, no rotation) as used for the ORR measure-

ments, employing a programmable potentiostat (Princeton Applied

Research 273A). ORR measurements were performed before and

after the ADT-SWC to determine the catalyst degradation.

2. Results and Discussion

Following the sequence of the synthesis route, we will first dis-

cuss C spheres, next TiO2@C, and finally the TiOxNy@CnNm
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spheres (Figure 1). Surface morphology, crystallinity, meso-

porosity of the TiO2 or TiOxNy shell and microporosity of the C

core as well as the elemental composition of the C, TiO2@C,

and TiOxNy@CnNm spheres were found to undergo distinct

changes upon variation of the nitridation and carbonization

temperatures, respectively, which will be discussed in detail.

2.1. Materials Synthesis and Physical Characterization

2.1.1. Carbon Spheres (C)

The C spheres are formed by hydrothermal treatment of glu-

cose. The formation mechanism is a complex multistep reac-

tion, which is described in detail elsewhere.[47–49] The chemical

nature of the C spheres is characterized by a highly aromatic

hydrophobic core comprising oxygen-containing moieties

(ether, quinone, pyrone, etc.) and a hydrophilic shell with

oxygen-based functional groups (hydroxyl, carbonyl, ester,

etc.).[47,50,51]

As these particles will later serve as supports for titanium

oxides and (oxy)nitrides, which are prepared at higher temper-

atures, their thermal stability was investigated by heating to

550 8C, 700 8C, 850 8C, 1000 8C, and 1150 8C in an argon atmos-

phere. For all temperatures, the C particles retain their well-de-

fined spherical shape with a smooth surface, as seen in the

SEM and TEM images in Figures 2 and 3. Upon heating, the

average diameter decreases continuously from about 300 nm

for C-RT to 200 nm for C-1150. Thermogravimetric analysis

(TGA) in an argon atmosphere shows that the major mass loss

occurs at temperatures below 550 8C (36.5 wt% is lost for the

sample treated at 550 8C), then levels off to values of 43.8 wt%

for the sample treated at 700 8C, and a residual mass of

52.5 wt% is obtained after treatment at 1150 8C. Carbonization

of the C spheres goes along with thermal decomposition and

the evolution of CO, CO2, and H2O (from oxygenated functional

groups) and CH4 (from methine and methylene groups),[41,48]

thus changing the carbon-to-oxygen and carbon-to-hydrogen

ratios to increasing fractions of carbon. In agreement with

TGA, elemental analysis shows that the most distinct composi-

tional changes occur when heating the untreated C spheres to

550 8C. For higher carbonization temperatures (C-850–C-1150),

the elemental composition remains more or less constant with

a composition of 94 wt% carbon, 0.4 wt% hydrogen, and

5.6 wt% oxygen: C1H0.06O0.04 (Table S1 in the Supporting Infor-

mation). The loss of oxygen, hydrogen, and carbon atoms as

well as the anisotropic thermal expansion of the graphenic ma-

terials results in the concomitant formation of a carbon micro-

pore system, which is clearly indicated in the nitrogen sorption

analyses. N2 sorption can give very detailed information on

specific surface areas and the presence as well as size ranges

of micro- and mesopores. Because in this manuscript the focus

will be on the micro- as well as mesoporous character of the

samples (see below), the adsorption of carbon dioxide as a typi-

cal method to investigate the ultra-microporous character of

carbon samples has not been applied. The N2 sorption iso-

therms (Figure S1 in the Supporting Information) of heat-treat-

ed C spheres (C-550–C-1150) show a type I behavior, indicating

the presence of micropores. The specific surface areas increase

significantly with higher carbonization temperatures, from

527 m2g@1 (C-550) to 1934 m2g@1 (C-1150) with a micropore

surface area percentage of >97.5% as obtained from t-plot

analysis (Figure S2 in the Supporting Information). Thermally

untreated C spheres lack micropores, which results in a low

specific surface area of 11 m2g@1.

2.1.2. Titania@Carbon Composite Spheres (TiO2@C)

Sol-gel processing of titanium alkoxides to yield a TiO2 shell

(25 wt%) on the C spheres (75 wt%) in a colloidal solution of

water and ethanol makes use of the hydroxyl group-rich sur-

face of the C spheres, which provides nucleation sites for hy-

drolysis and condensation of the titanium alkoxide precursors,

resulting in the formation of a uniform shell. As a result of the

sol-gel reaction, an amorphous TiO2 layer is formed, which is

crystallized by heat treatment in an argon atmosphere (550 8C

to 1150 8C). As a reference material, pure, carbon-free TiO2 was

synthesized and heat-treated under identical conditions.

Figure 1. Synthesis overview.

Figure 2. SEM images of a) C-RT, b) C-550, c) C-850, and d) C-1150 carbon

spheres.

Figure 3. TEM images of carbon spheres of a) C-850, b) TiO2@C-850, and

c) TiON@CN-850.
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The XRD patterns of the TiO2@C spheres and of the refer-

ence TiO2 samples are shown in Figure 4 and in Figure S3 in

the Supporting Information. For both sets of experiments, the

TiO2 phase is identified as phase-pure anatase up to 700 8C,

and rutile starts to appear at 850 8C. There is, however, a dis-

tinct difference in the ratio of anatase to rutile between the

two samples. In agreement with the literature, for the as-syn-

thesized pure TiO2, anatase and rutile coexist only up to

850 8C, and higher temperatures result in a complete transfor-

mation to rutile concomitant with significant crystallite size

growth (Table S2 in the Supporting Information).[52,53] The tita-

nia shell in the TiO2@C spheres still consists mainly of anatase

after annealing up to 1150 8C, coexisting with rutile. The crys-

tallite size of anatase (4–43 nm) and rutile (35–53 nm) is notice-

ably smaller for the TiO2@C spheres (Table 1) compared with

the reference TiO2 sample (Table S2 in the Supporting Informa-

tion).[54–56] A similar suppression of the anatase to rutile trans-

formation (ART) and inhibition of crystallite growth has been

reported previously for carbon-coated titania (C@TiO2) compo-

sites[52,57–60] as well as for titania particles on activated carbon,

exfoliated graphite, or C3N4 (TiO2@C) composites.[59,61–63]

The TEM and SEM images (Figures 3 and 5) clearly illustrate

that the TiO2@C spheres are similarly well-defined as the pure

C spheres. TiO2 forms an apparently homogeneous shell with

a granular fine structure, which completely covers the carbon

core. From the increase in diameter from the pure C spheres

to the titania-covered ones (SEM evaluation), a shell thickness

of about 70 nm can be estimated. Heat treatment up to 700 8C

has no noticeable effect on the morphology or surface struc-

ture of the TiO2@C spheres. An increase in the temperature to

850 8C and higher results in the formation of additional, most

likely crystalline, TiO2 polyhedra on the shell that are most pro-

nounced for the TiO2@C-1000 sample. For TiO2@C-850 and

-1150, they are partly embedded within an underlying TiO2

shell. In combination with the XRD results, with rutile first ap-

pearing at 850 8C, it seems reasonable that these polyhedra

Figure 4. X-ray diffraction patterns of TiO2@C spheres (550 8C–1150 8C).

Table 1. XRD, N2 sorption, and elemental analysis of differently calcined TiO2@C composite spheres (C.=crystallite).

TiO2@C XRD N2 Sorption Elemental analysis (CHN, TGA)[a]

anatase rutile SSA MSA composite composition [wt%] core composition [wt%] mr

[wt%] C. size [nm] [wt%] C. size [nm] [m2g@1] [m2g@1] TiO2 core C O N [%]

-RT 140 0 26.6 73.4 65.1 30.5 4.4 100

-550 100 4.2 0 329 218 39.8 60.2 89.6 7.9 2.5 63.6

-700 100 4.7 0 344 229 40.4 59.6 90.8 7.9 1.3 56.4

-850 78 27.4 22 41.2 336 277 46.7 53.3 96.2 3.2 0.6 53.4

-1000 58 43.1 42 54.8 473 328 54.5 45.5 96.6 3.0 0.4 48.7

-1150 27 38.8 73 37.8 520 431 58.3 41.7 96.7 2.9 0.2 48.4

[a] For calculations, see the Supporting Information.

Figure 5. SEM images of titania@carbon spheres of a) TiO2@C-RT, b) TiO2@C-

550, c) TiO2@C-700, d) TiO2@C-850, e) TiO2@C-1000, and f) TiO2@C-1150.
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consist of rutile, whereas the shell, which is in closer contact

with the carbon core, still consists of anatase owing to the

suppression of the ART transformation by carbon, as discussed

above.

As a general trend, we find from the N2 sorption isotherms

(Figures 6 and S2, Table 1) that the specific surface area in-

creases with increasing temperature from 140 m2g@1 (TiO2@C-

RT) up to 520 m2g@1 (TiO2@C-1150). Per se, the adsorption iso-

therms do not distinguish between carbon core and titania

shell, and therefore we expect to see contributions from both

of them. Consistent with previous results for pure carbon

spheres, the micropore surface area increases from 218 to

431 m2g@1 for samples treated at higher temperatures and be-

comes the dominant contribution to the specific surface area.

For the as-prepared sample (not exposed to higher tempera-

tures; TiO2@C-RT), the contribution of the pores to the surface

area does not arise from micropores, but from the mesoporous

titania shell. The nitrogen sorption isotherms show a type IV

character with a change from a H3 type hysteresis for the

sample TiO2@C-RT to a H4 one, indicating not only the forma-

tion of micropores with higher temperature, but also the pres-

ence of slit-like mesopores within the TiO2 shell. At high p/p0

values, the isotherm shows a further increase in the surface

area, which is related to the macropores formed by the inter-

stices between agglomerated TiO2@C spheres. The mesopores

are presumably only located in the titania shell. This indicates

already that they give access to the microporous carbon core,

which will have consequences for the subsequent nitridation

step and the electrochemical characteristics/electrocatalytic be-

havior (see below).

In our synthesis protocol, we aimed to achieve a TiO2@C

sphere composition of 1 g C to 0.35 g TiO2 (74.1:25.9 wt%).

The resulting value for the TiO2@C-RT sample is 1 g C to 0.36 g

TiO2 (73.4:26.6 wt%), demonstrating that the chosen synthesis

allows a very precise shell design. Thermal and elemental anal-

ysis show that with increasing temperature (550–1150 8C) the

mass decreases owing to degradation of the carbon core and

therefore the titania to carbon ratio increases (Table 1). The ele-

mental composition and the residual mass of similarly treated

carbon cores and pure carbon spheres agree very well ; thus,

the carbonization process is apparently not affected by the

TiO2 shell (Table 1). This matches with the findings from the ni-

trogen sorption analysis that the presence of the TiO2 shell has

little to no influence on the micropore formation in the C core.

2.1.3. Titanium (Oxy)nitride@Nitrided Carbon Composite

Spheres (TiOxNy@CnNm)

Nitridation of TiO2@C spheres is realized by annealing in an

ammonia atmosphere at different temperatures (550–1150 8C).

Ammonia is thermodynamically unstable at temperatures

higher than 185 8C (atmospheric pressure) and decomposes to

molecular nitrogen and hydrogen; however, it is kinetically

stable well above its thermodynamic stability limit. In addition,

nitridation is kinetically hindered at temperatures below

550 8C.[64] Accordingly, the nitridation is assumed to first involve

reduction of TiO2 to Ti2O3 by reaction with molecular hydrogen,

followed by reduction of Ti2O3 to TiN and TiO according to

Equation (1):

Ti2O3 þ ð1þ xÞNH3 ! x ðTiNÞss þ ð1@xÞ ðTiOÞss þ ð1þ 2xÞH2O

ð1Þ

TiOxNy and its derivatives TiO1@xNx are solid solutions (index:

ss) of cubic TiN (a=4.238 a, JCPDS) and TiO (a=4.175 a,

JCPDS).[65–67] At nitridation temperatures below 750 8C, the for-

mation of TiN and TiO is negligible, and only N-doping of tita-

nia occurs ; at temperatures above 750 8C, cubic TiN and TiO

are formed in significant amounts. In agreement, the XRD pat-

terns of TiON@CN-550 and TiON@CN-700 (Figure 7 and Fig-

ure S4 in the Supporting Information) only exhibit reflections

typical of anatase. A phase transition to TiO/TiN occurs for re-

action temperatures of 850 8C and higher. A comparison of the

patterns of TiON@CN-850 to TiON@CN-1150 with reference

patterns of TiO and TiN shows increasing nitridation with

higher temperatures (Table 2).

Concomitant with the formation of TiOxNy and an increasing

degree of nitridation, the TiN crystallites increase from 9 nm

(TiON@CN-850) to 27 nm (TiON@CN-1150; Table 2). Pure TiO2

P25 (rutile/ anatase) was nitrided as a reference for comparison

to the TiOxNy@CnNm spheres (not shown). The XRD patterns of

the resulting product are in good agreement with those of the

TiOxNy@CnNm spheres, indicating that the carbon core does not

influence the nitridation of the TiO2 shell. Further proof of the

nitridation of the carbon core is obtained from FTIR spectros-

copy, which for TiON@CN-850, for example, showed two broad

bands with maxima at 1570 cm@1 and 1250 cm@1, which can be

associated with both C=N and C@N, respectively.

The resulting TiOxNy@CnNm composites are also well-defined

spheres (Figure 8) with TiOxNy forming a continuous and ho-

mogeneous shell around the nitrided carbon core. For lower

synthesis temperatures of up to 700 8C, the shell is character-

Figure 6. N2 sorption–desorption isotherms of titania@carbon spheres.
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ized by a granular fine structure. The granular fine structure

becomes most distinct for TiON@CN-850 with the formation of

TiN and TiO. At this temperature, the segregation into the two

phases results in the formation of a granular, mesoporous

TiOxNy shell. The TiOxNy shell of TiON@CN-850 consists of small

grains of about 9–10 nm (determined by TEM imaging), match-

ing the crystallite size obtained from XRD measurements. The

grains are loosely interconnected, which results in the forma-

tion of interparticle pores, as is clearly seen in the TEM image

at the outer edge of the composite spheres (Figure 3). The

shell of the TiON@CN-1000 and TiON@CN-1150 spheres is more

compact, probably owing to sintering of the grains, which in

turn results in a lower degree of mesoporosity. The latter find-

ing is clearly supported by the nitrogen sorption measure-

ments (Figure 9 and Figure S2 in the Supporting Information).

For the evaluation of the nitrogen sorption data, we assume

that micropores are only located within the nitrided carbon

core, thus the micropore surface area equals the accessible

specific surface area of the CnNm core for nitrogen and meso-

pores are only associated with the TiOxNy shell. All isotherms

(Figure 9 and Figure S2 in the Supporting Information) clearly

indicate the presence of micropores. The changes of the tita-

nia-based shell upon increasing nitridation temperature are

also reflected in the nitrogen sorption measurements. The

TiON@CN-550 to TiON@CN-850 samples show type IV iso-

therms with a H3 hysteresis, which agrees with the presence

of slit-shaped mesopores within the N-doped TiO2 and TiOxNy

shell. The position of the hysteresis of the TiON@CN-850 mate-

rial is shifted to higher relative pressures p/p0 compared with

that of the TiON@CN-550 and TiON@CN-700 spheres, indicat-

Figure 7. X-ray diffraction patterns of TiOxNy@CnNm spheres (550–1150 8C).

Table 2. XRD, N2 sorption, and elemental analysis of TiOxNy@CnNm composite spheres and the TiOxNy reference materials nitrided at different temperatures

(A=anatase, C.=crystallite).

TiOxNy@CnNm XRD N2 Sorption Elemental analysis (CHN, TGA)[a]

TiN TiO SSA MSA Shell Core N N(TiOxNy)

[wt%] C. size [nm] [wt%] C. size [nm] [m2g@1] [m2g@1] [wt%] [wt%] [wt%] [wt%]

-550 A 3.7 A 3.7 325 200 38.6 61.4 5.2 0.1

-700 A 4.3 A 4.3 336 222 46.5 53.5 6.7 0.4

-850 19.9 9.2 80.1 10.8 496 415 49.2 50.8 11.3 17.7

-1000 62.9 17.6 37.1 18.8 392 366 62.8 37.2 14.5 19.6

-1150 89.1 27.3 10.9 – 267 250 69.3 30.7 15.7 20.2

[a] For calculations, see the Supporting Information.

Figure 8. SEM images of titanium (oxy)nitride@nitrided carbon spheres:

a) TiON@CN-550, b) TiON@CN-700, c) TiON@CN-850, d) TiON@CN-1000, and

e) TiON@CN-1150.
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ing that the mesopores have grown to larger diameters. Con-

sistent with a higher degree of mesoporosity, the TiOxNy shell

is more permeable and the accessibility of the carbon core is

increased, which results in a further increase in the micropore

surface area of the CnNm core for TiON@CN-850 with

415 m2g@1 (SSA: 496 m2g@1; Table 2). Going to higher nitrida-

tion temperatures (TiON@CN-1000 and TiON@CN-1150), the

hysteresis diminishes. Hence, owing to sintering, there are no

more mesopores present in the TiOxNy shell. In agreement with

this finding, the micropore area of the CnNm core decreases

owing to the lower accessibility of the core for nitrogen.

For comparison, we exposed pure TiO2 (P25-TiO2), also con-

sisting of spherical particles, to the same nitridation procedure.

Similar to findings for the TiO2@C composites, we find that the

nitrogen mass percentage increases significantly with higher

temperatures (850 8C to 1150 8C), indicating increasing nitrida-

tion of TiO2 to TiOxNy. For lower temperatures (up to 700 8C),

P25-TiO2 is N-doped (N: 0.4 wt%), whereas the TiOxNy@CnNm

composites have nitrogen mass percentages up to 6.7 wt%

without explicit TiOxNy formation. XRD measurements show no

differences in the nitridation behavior of the TiO2@C and P25

samples, therefore this larger amount of nitrogen is a strong

indication of the formation of CnNm within the carbon core

(Table 2). This proves that the mesoporous TiO2 shell of the

TiO2@C composites is sufficiently permeable for effective nitri-

dation of the carbon core with ammonia. The mass loss of the

carbon core within the temperature series is more pronounced

for TiOxNy@CnNm compared with TiO2@C composites because,

aside from the carbonization process, an etching process takes

place as a result of the presence of H2 from the decomposition

of NH3 (gasification of carbon to CH4, (CN)2, and HCN), which

occurs side by side with the nitridation to CnNm. With increas-

ing nitridation temperature, the relative contribution of the

core to the overall mass of the spheres is lowered to about

half (TiON@CN-550: 61.4 wt%, TiON@CN-1150: 30.7 wt%), lead-

ing to a relative increase in the TiOxNy mass.

XPS measurements of the N1s and Ti2p spectral regions,

which were performed to gain more information on the elec-

tronic state of the nitrogen atoms and their environment, are

presented in Figures 10 and 11, respectively. Starting at a nitri-

dation temperature of 550 8C, we detect two peaks at 398.7

and 400.3 eV in the N1s peaks (Figure 10), which can be as-

signed to hydrated oxygen species on the surface (N-O-H)[68]

and Ti-O-N groups,[27] respectively. Apparently, nitrogen doping

of the surface starts at 550 8C. A less intense third peak at

402.1 eV is related to NH4
+ groups on the surface.[18] At 700 8C,

two additional peaks evolve at 397.5 and 396.3 eV, where the

first peak is attributed to TiN[27] and the second one was as-

signed by Milošev et al.[68] to a surface layer of oxidized TiN.

The intensity of the TiN signal increases continuously with

higher nitridation temperature (850 to 1150 8C), whereas the

surface oxide signal at 396.3 eV decreases.

The Ti2p signal of the nitrided composite materials

(Figure 11) shows two peaks at 458.7 and 464.5 eV for

TiON@CN-550 and TiON@CN-700, which are assigned to the

2p3/2 and 2p1/2 signals of the O-Ti-O species in TiO2.
[27,68] Start-

ing at a nitridation temperature of 850 8C, additional peaks

evolve at lower binding energies, representing N-Ti-O (456.8/

462.6 eV)[27,68] and N-Ti-N (455.6/461.3 eV)[27,68] groups in the

surface region. Again, the intensity of the N-Ti-N signal increas-

es with higher nitridation temperature, in accordance with the

behavior of the N1s signal of TiN.

Figure 9. N2 sorption isotherms of titanium (oxy)nitride@nitrided carbon

spheres.

Figure 10. XPS detail spectra of the N1s region of a) TiON@CN-550,

b) TiON@CN-700, c) TiON@CN-850, d) TiON@CN-1000, and e) TiON@CN-1150.
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In total, the XPS data indicate that nitrogen doping of the

surface starts at 550 8C, nitridation of the surface to TiN was

found for nitridation temperatures >850 8C, confirming our

conclusions from the XRD measurements (Figure 7). Even after

nitridation at these high temperatures, however, the peaks at

458.7/464.5 eV dominate the spectra, indicating that also

under these conditions the surface mainly consists of TiO2 spe-

cies. We tentatively explain this by TiN oxidation during

sample transport in air.

2.2. Electrochemical Characterization

The electrochemical properties of the TiO2@C and TiOxNy@CnNm

composites and the pure carbon spheres (C spheres) were

characterized in N2-saturated acidic electrolyte (0.5m H2SO4) in

the potential range from 0.06 to 1.2 V and in alkaline electro-

lyte (0.1m KOH) in the potential window from @0.4 to 1.2 V for

comparison with the ORR activity measurements. As discussed

later, the latter shows a distinct feature at potentials below 0 V

(“two plateau system”). The currents measured in the cyclic

voltammograms (Figures S5 and S6 in the Supporting Informa-

tion) originate from double layer charging and can be qualita-

tively correlated to the electrochemical accessible surface area

of the catalysts. Although differences in the film thickness and

morphology of the catalyst films will affect the electrochemi-

cally accessible surface area, and thus prohibit a quantitative

comparison of the current densities, trends can clearly be de-

rived from these data. In accordance with the N2 sorption

measurements (Tables 1, 2, and S1), we find low current densi-

ties for the materials calcined/nitrided at 500 and 700 8C in

both electrolytes, which increase when going to 850 8C calcina-

tion/nitridation temperature. A further increase in calcination/

nitridation temperature reverses this trend. This is especially in-

teresting for carbon spheres, as their microporous surface area

increases with increasing calcination temperature (Table S1 and

Figure S2 in the Supporting Information). Therefore, we con-

clude that the microporous surface area measured by N2 sorp-

tion is only partly accessible for the electrochemical surface

processes and does not or only partly contributes to double

layer charging. The TiOxNy@CnNm catalysts show a more severe

decrease in the current densities for nitridation temperatures

above 850 8C than the non-nitrided materials, which we corre-

late with the pronounced mesoporous nature of the titanium

(oxy)nitride layer of this sample, which gives the best access to

the carbon core of this catalyst. Closing the mesopores of the

titanium (oxy)nitride layer upon annealing at 1000 and 1150 8C

decreases the access to the carbon core, leading to the de-

creasing current densities in the cyclic voltammograms in

acidic and alkaline electrolyte.

2.3. Catalytic ORR Activity

The catalytic activity of the catalyst materials was characterized

by measuring the ORR by using the RRDE setup in O2-saturat-

ed electrolytes. To exclude the effects of the double layer

charging currents and other surface processes not related to

the ORR, the reaction currents presented in Figures 12 and 13

were calculated by subtracting the currents of the CV measure-

ments in N2-saturated electrolyte (Figures S5 and S6 in the

Supporting Information) from the measured ORR currents.

In a simple picture, assuming similar active surface area-nor-

malized activities, we would expect the highest ORR activity

for the catalyst with the highest electrochemically accessible

surface area. Following this assumption, the catalyst TiON@CN-

850 should present the highest ORR currents in acidic media.

The ORR measurements in Figures 12 and 13 depict the cur-

rent densities at the working electrode (disc) (a) and of the

ring (b), as well as the corresponding H2O2 yield of the ORR (c).

Figure 12 shows the results obtained for TiOxNy@CnNm catalyst

electrodes in 0.5m H2SO4 for all calcination temperatures. Simi-

lar measurements for TiO2@C-850 and the pure carbon C-850

spheres are included for comparison, in addition the full tem-

perature series is shown in Figures S7–S10 in the Supporting

Information). Clearly, the onset potential in the positive scan of

the ORR changes to higher potentials with increasing nitrida-

tion temperature and thus with growing nitrogen content and

specific surface area. C spheres, TiO2@C, as well as TiON@CN-

550 and TiON@CN-700 (Figure 12a and Figures S7 and S8 in

the Supporting Information) show a low activity towards the

ORR with an onset potential of about 0.4 V and below. For the

two TiOxNy@CnNm catalysts, we attribute this to insufficient ni-

tridation at these temperatures (Table 2). For TiON@CN-850, in

contrast, the onset is significantly up-shifted to about 0.8 V

(Figure 12a). For the activity contribution of the TiOxNy shell,

Figure 11. XPS detail spectra of the Ti2p region of a) TiON@CN-550,

b) TiON@CN-700, c) TiON@CN-850, d) TiON@CN-1000, and e) TiON@CN-1150.
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we tentatively attribute the much higher activity to the forma-

tion of the TiN and TiO phases upon nitridation at 850 8C,

which has not yet occurred at the lower temperatures

(Figure 7). Further increase of the nitridation temperature to

1000 and 1150 8C causes the potential scans to down-shift

again, which we mainly attribute to loss of the high porosity

of the titanium (oxy)nitride layer and the resulting hindered

access to the nitrided carbon core, which we expect to be ORR

active as well. As shown before, higher nitridation tempera-

tures result in a lower number of mesopores, which reduces

the surface area of the TiOxNy shell on the one hand and de-

creases the access to the active nitrided carbon core on the

other hand. Both of these are supposed to lead to a diminished

ORR activity.

A separation of the ORR activity contributions of the nitrided

carbon core and the titanium (oxy)nitride shell, which would

require a physical separation of the core and the shell, is

hardly possible. Likewise, the separate nitridation of titania and

the bare carbon core cannot be compared with the nitridation

of the composite material, because the different accessibility

of the carbon core in the calcination and nitridation processes

will have a pronounced influence on the nitridation process

itself.

The overall ORR current densities correlate with the double

layer charging current densities in N2-saturated electrolyte and

therefore with the electrochemically active surface area. This,

in turn, was found for the same treatment as the maximum

specific surface area, both with a maximum for the TiON@CN-

850 sample. On the other hand, it should be noted that none

of these catalysts reach the diffusion-limited current, apparent-

ly ohmic losses in these catalyst layers are still too pronounced

compared with carbon-supported Pt-based catalysts.[69]

Another important aspect when discussing the ORR activity

is the peroxide yield. This is a critical factor as high peroxide

yields lead to degradation and corrosion of both the catalyst

support and membrane.[70,71] Therefore, low peroxide yields are

a must. As is visible in Figure 12c, the highest H2O2 yield is ob-

tained for the carbon spheres (40% at 0.4 V), whereas the com-

posite catalysts show lower peroxide yields around 20–40%.

This trend fits previous observations that nitrided titania is

quite active for reducing peroxide to water.[18,72] The most

active TiON@CN-850 catalyst is closer to the upper boundary,

whereas the composite spheres nitrided at higher tempera-

tures are closer to the lower level. This may tentatively be ex-

plained by the hindered access to the carbon core with its

high tendency for H2O2 formation. On the other hand, nitrided

carbon spheres also showed peroxide yields of below 20%. For

all samples, however, the peroxide yields are about one magni-

tude higher than those obtained for Pt-based catalysts, which

show values below 2% at 0.3 V and even much lower values at

Figure 12. ORR measurements: ORR currents (a), ring currents (b), and H2O2

yield (c) of TiOxNy@CnNm nitrided at all measured temperatures and the re-

sults of C-850, as well as of TiO2@C-850. O2-saturated 0.5m H2SO4, 1600 rpm,

10 mVs@1.

Figure 13. ORR measurements: ORR currents (a), ring currents (b), and H2O2

yield (c) of TiOxNy@CnNm nitrided at all measured temperatures and the re-

sults of C-850, as well as of TiO2@C-850. O2-saturated 0.1m KOH, 1600 rpm,

10 mVs@1.
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more typical potentials around 0.8 V.[69] Hence, despite the

promising results, both activity and selectivity for the four-elec-

tron pathway still need considerable improvement before

these can reach levels that are competitive with the per-

formance of Pt-based ORR catalysts.

In O2-saturated 0.1m KOH, the electrocatalytic behavior of

these composite materials changes drastically (Figure 13).

Overall, both based on the onset potentials and on the maxi-

mum current densities, the catalysts are more active in alkaline

than in acidic electrolyte (Figure 12a). Interestingly, there is no

big difference between the pure carbon spheres, titania@car-

bon, and titanium (oxy)nitride@nitrided carbon, although the

onset of TiON@CN-850 is again highest with a potential of

0.9 V. It is followed by the catalyst treated at 1000 8C, with an

onset at 0.85 V, and then closely followed by the other compo-

sites and reference materials. Different from the ORR in acidic

electrolyte with its steady increase in the current density to

more cathodic potentials, we find a two-plateau-like current re-

sponse for most catalysts. This is particularly pronounced for

the TiO2@C-850 catalyst. The first plateau ranges from approxi-

mately 0.6 to 0.4 V, followed by the second plateau below

0.0 V. The current density in the latter one is approximately

double of that in the first one.

The difference between the two separate areas becomes

more pronounced when inspecting the peroxide formation

and peroxide yield (Figure 13c). Here, the two potential re-

gions differ considerably. For most catalysts, the peroxide yield

is distinctly higher in the range of the first plateau, between

0.6 and 0.4 V, and lower in the second plateau, indicating

a change in the ORR selectivity towards reduction to water at

lower potentials.

Only the TiON@CN-550 catalyst shows a higher peroxide

yield in the potential range of the first plateau. For most of the

catalysts, peroxide yields of more than 30% were obtained at

0.4 V, ranging up to 50%. Interestingly, for the most active

TiON@CN-850 catalyst, the peroxide yield is considerably lower,

about 10% at this potential. In the potential range of the

second plateau, the peroxide yields decrease considerably to

values below 10%. Only the C-850 and the TiON@CN-1150 cat-

alyst remain at about 20% selectivity in this potential regime.

This change of the dominant reaction pathway from a two-

electron process to a four-electron process, reducing oxygen

directly to water, is very different than the behavior of the

composite catalysts in acidic electrolyte, but resembles find-

ings reported in the literature.[73–77] Similar two-plateau systems

with a change in the selectivity were reported by Gong et al.[73]

for nitrogen-doped carbon nanotube arrays and by Liu et al.[76]

for phosphorus-doped graphite layers.

Overall, we found a decrease in the peroxide yield with in-

creasing nitrogen content of the composite material. However,

for practical applications these peroxide yields are far too high

and need considerable improvement. This is particularly true

when considering that the higher potentials, in the range of

the first plateau and above, are much more relevant for practi-

cal applications. On the other hand, the data also demon-

strates the potential of these catalysts for operation in alkaline

electrolytes, considering that the most active TiON@CN-850

catalyst is much more active than in acid electrolyte, by

a factor of about four at 0.6 V, and nevertheless the peroxide

yield is only around 10% at this potential.

Comparing the measurements in alkaline and acidic electro-

lyte, distinct differences in the ORR activities are visible. In

acidic electrolyte, nitridation of the material is necessary to

drastically improve the ORR activity, leading to the high activity

in acidic electrolyte obtained in this study. For reaction in alka-

line electrolyte, in contrast, the composite materials seem to

be reasonably active even without the need for additional

active sites caused by the nitridation. Nevertheless, also in this

case, nitridation of the materials leads to a significant improve-

ment in the ORR performance, in this case by lowering the per-

oxide yield.

The ORR activities obtained for the nitrided composite mate-

rials in this work closely resemble those reported for differently

synthesized catalysts based on titanium (oxy)nitride nanoparti-

cles.[17,27, 40,78,79] The ORR onset of TiON@CN-850 in acidic elec-

trolyte (at about 0.8 V) is similar to that shown by these

groups for catalysts nitrided at temperatures around 850 8C.

The current densities (normalized to the geometric surface) ob-

tained for our catalysts are higher than those reported for

most other titanium (oxy)nitride particles on carbon.[17,18, 27] Re-

cently, Chisaka et al.[79] reported composite materials based on

a TiN core and a TiOxNy shell with slightly higher current densi-

ties than those obtained for our catalysts. This supports our

approach of increasing the activity by using highly structured

composite materials based on titania (oxy)nitride, even though

the activity and selectivity of Pt catalysts[69] and some other Pt-

free catalysts[80] cannot be reached yet.

To separate changes in the inherent (BET surface area nor-

malized) ORR activity from changes induced by the different

surface areas, we plotted the ORR activities of the nitrided

composite materials at 0.2 V and 0.5 V normalized to the SSA

in Figure 14. For the SSA-normalized ORR current densities at

0.2 and 0.5 V in acidic electrolyte, we find a maximum for the

current densities at 1000 8C and 850 8C, respectively, followed

by a decrease at higher temperature. This can be explained by

the increasing nitridation at higher nitridation temperature,

Figure 14. ORR current densities normalized on the SSA (BET) at 0.2 and

0.5 V for differently nitrided TiOxNy@CnNm in acidic and alkaline electrolyte.
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which is expected to improve the inherent (SSA-normalized)

activity, for nitridation temperatures up to 850 8C. For nitrida-

tion temperatures above 1000 8C, where the SSA-normalized

activity decreases again, we tentatively attribute the loss in ac-

tivity to two effects: the loss of mesoporosity in the titania

(oxy)nitride shell, which hinders access to the core, and the in-

creasing formation of micropores in the nitrided carbon core,

which, however, are only slightly accessible for the electro-

chemical reaction. Hence, they cause the specific surface area

to further increase without improving the electrochemically ac-

cessible surface area. Apparently, these effects are dominant

and overcompensate for improvements in the SSA-normalized

activity.

For the ORR in alkaline electrolyte, this trend, at 0.2 and

0.5 V (Figure 14), is somewhat different in that with the sam-

ples exposed to nitridation at high temperature the ORR activi-

ty continues to increase. We tentatively explain this by a domi-

nant effect of the increasing nitridation of shell and electrode,

which seems to overcompensate for the effects mentioned for

the reaction in acidic electrolyte with these samples.

Finally, for both cases it should be kept in mind that N-

doped carbon is well-known to be ORR active.[9,13] Therefore,

the overall ORR activity of the nitrided composite materials

consists of the superposition of both ORR activities; that of the

titanium (oxy)nitride shell and that of the nitrided carbon core.

As stated before, a separation of these contributions is hardly

possible. The fact that we observe the maximum in ORR activi-

ty in the acidic electrolyte for TiON@CN-850, which results also

in the maximum shell porosity, points to a significant contribu-

tion of the nitrided core. Going to higher nitridation tempera-

ture, to 1000 8C and 1150 8C, leads to a sintering of the titani-

um (oxy)nitride shell, thus closing the mesopores and thereby

decreasing the accessibility of the nitrided carbon core, which

agrees with the observation of a decreasing ORR activity. On

the other hand, the surface area of the mesoporous shell de-

creases, which would also result in a lowering of the ORR activ-

ity if it is dominated by the shell. This illustrates the problems

in clearly identifying the contributions from the nitride shell

and core to the overall ORR activity, and the need for further

work to resolve this issue, which is crucial for the further im-

provement of these materials.

In addition to the ORR activity, the stability of the TiON@CN-

850 catalyst was evaluated by applying an accelerated degra-

dation test (ADT), simulating start/stop cycles by stepping the

potential from 0.4 to 1.4 V and back with a hold time of 1 s at

each potential in acidic N2-saturated electrolyte. The results are

shown in Figure 15, comparing the initial ORR activity with the

one after 10000 cycles. The ORR activity loss after 10000

cycles is visible by regarding the ORR onset and the overall

current densities. The onset shifts from about 0.8 to 0.6 V. Ad-

ditional XRD measurements (Figure S11 in the Supporting In-

formation) performed before and after the stability test show

the loss of a weak reflection at approximately 36.78, which is

due to TiN and TiO. This fully agrees with TEM measurements

(Figure 16) performed after 10000 cycles, which show loss of

the titania (oxy)nitride shells from the carbon core, possibly

into the electrolyte. This loss of titania (oxy)nitride shells would

at least be a significant contribution to the observed decrease

in ORR activity. Hence, for practical applications the stability of

the compound titania (oxy)nitride@nitrided carbon catalysts

under extreme potential conditions also needs further im-

provement, in addition to the ORR activity.

3. Conclusions

Aiming at the development of highly active and stable plati-

num-free catalysts for the oxygen reduction reaction (ORR) in

polymer electrolyte fuel cells (PEFCs), we synthesized and char-

acterized a new composite material, where a core–shell struc-

ture should result in a combination of high ORR activity and

improved electric conductivity. Core–shell titanium (oxy)nitri-

de@nitrided carbon composite nanoparticles were synthesized

by hydrothermal reaction of glucose and subsequent deposi-

tion of a titanium oxide by a sol-gel process in a first step, fol-

lowed by nitridation with ammonia vapor at different tempera-

tures (550 8C–1150 8C). Characterization of their structural and

chemical properties as well as phase composition on the one

hand and of their electrochemical properties/ ORR per-

formance on the other hand led to the following conclusions:

Figure 15. ORR activity of TiON@CN-850 before (initial) and after (10000

cycles) the ADT-SWC stability test. O2-saturated 0.5m H2SO4, 1600 rpm,

10 mVs@1.

Figure 16. TEM images of TiON@CN-850 before (a, initial) and after (b, after

10000 cycles) the ADT-SWC degradation test.
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1) The hydrothermal synthesis results in well-defined carbon

particles of 300 nm in diameter with a smooth surface. Cal-

cination at higher temperatures results in larger carbon to

oxygen/hydrogen ratios and increased microporosity as

well as shrinkage of the C sphere diameter from 300 nm for

C-RT to 200 nm for C-1150.

2) TiO2@C spheres are uniformly shaped and covered by a con-

tinuous and homogeneous titania shell around the carbon

core. Up to 700 8C, the titania shell has a granular fine

structure, is mesoporous and phase-pure anatase. For

higher calcination temperatures, the mesoporosity decreas-

es owing to sintering and phase transition processes and

rutile polyhedra are formed on top of an underlying ana-

tase shell. In these samples, anatase and rutile coexist up

to 1150 8C. Carbonization and decomposition of the carbon

core leads to higher titania to carbon ratios, whereas the

presence of the TiO2 shell has little to no influence on the

carbonization process and the micropore formation of the

C core.

3) The TiOxNy@CnNm spheres resulting after nitridation also ex-

hibit a continuous and homogeneous titanium (oxy)nitride

shell around a nitrided carbon core. Nitridation of the

carbon core starts at 550 8C. For nitridation temperatures

up to 700 8C, the titania shell consists of N-doped anatase

with a mesoporous, grainy structure. Nitridation at 850 8C

results in a phase transition to TiOxNy, which involves segre-

gation into coexisting TiO and TiN phases with a more dis-

tinct granular shell structure and a pronounced mesoporos-

ity. This increases the permeability of the TiOxNy shell,

whereas for higher temperatures (1000–1150 8C) the shell

becomes more compact (lower mesoporosity), which in

turn lowers the accessibility to the core.

4) The nitridation was found to drastically improve the ORR

activity. For reaction in acidic electrolyte, the onset poten-

tial shifts up to 0.8 V for the most active TiON@CN-850

catalyst. The ORR activity did not increase with the higher

N contents obtained at nitridation temperatures of more

than 850 8C because of the decreasing mesoporosity of the

titanium (oxy)nitride layer.

5) In alkaline electrolyte, the onset potentials are generally

higher and the ORR exhibits a two-plateau behavior, which

is accompanied by a change in the selectivity for complete

reduction to H2O, changing from a predominant two-elec-

tron reduction process in the first plateau (0.6–0.4 V) to

a four-electron mechanism for potentials below 0 V. In the

potential range of the first plateau, the H2O2 yields are gen-

erally higher than in acidic electrolyte, whereas at poten-

tials <0 V the opposite is mostly observed. For the most

active TiON@CN-850 catalyst, however, the H2O2 yield is

about or below 10% also in the range of the first plateau

and above.

Overall, this work has demonstrated the feasibility of the

synthesis strategy developed for these ORR catalysts. Further

work will focus on further optimization of the most promising

TiON@CN-850 catalyst in terms of activity, selectivity, and sta-

bility.
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A B S T R A C T

As part of an ongoing effort to develop novel, highly active and stable Pt-free catalysts for the oxygen
reduction reaction (ORR), we here report the synthesis, structural characteristics and electrochemical/
electrocatalytic properties of novel core-shell composite materials, consisting of a spherical nitrided
carbon core and a tantalum (oxy)nitride shell. The (nitrided) carbon core is supposed to improve the
electrical conductivity of the material and the (oxy)nitride shell is intended to protect the core against
electrochemical corrosion. Spherical core-shell TaOxNy@CmNn composite particles were synthesized by
sol-gel deposition of tantalum oxide on preformed carbon spheres, which were prepared by
hydrothermal carbonization of glucose and subsequent nitriding in ammonia vapor at different
temperatures (700 �C � 1150 �C). The influence of the nitriding temperature on the structure and phase
composition of the resulting composite particles was evaluated, employing a variety of techniques,
including electron microscopy (SEM, TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), elemental analysis, thermogravimetric analysis (TGA), IR spectroscopy and N2 sorption
measurements, and correlated with changes in the electrochemical/electrocatalytic behavior. These
core-shell composite materials show a significantly improved ORR activity compared to pure tantalum
(oxy)nitrides, in particular upon nitriding at 1000 �C, while the selectivity for the 4-electron pathway to
H2O still requires improvement. The physical origin of the high activity of these materials and
contributions from different phases are discussed.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The commercial success of polymer electrolyte fuel cells
(PEFCs) for direct conversion of chemical into electrical energy
will sensitively depend on the further progress in cost reduction
and, closely related to that, in enhancing their durability under
operating conditions. Among the main factors are the catalysts,
which are commonly based on platinum and platinum alloys, both
on the anode and on the cathode [1–4]. Therefore, in the long run,
alternative catalysts based on noble metal-free, less expensive and

stable materials are highly desirable, in particular for the oxygen
reduction reaction at the cathode. A variety of alternative ORR
catalysts have been proposed by several groups, including
transition metal complexes with porphyrin-type ligands [5,6],
iron-based catalysts containing iron cations coordinated by
pyridinic nitrogen in graphitic sheets [7], or carbon-based
materials doped with different metals or non-metals [8–12]. In
particular, nitrogen-doped carbon was found to be highly
promising in that respect [8,12]. Various transition metal oxides,
such as Ta2O5, TiO2, ZrO2, etc., were also found to be active towards
the ORR [13–15], as well as their nitrided counterparts [16–19].
None of these materials, however, reaches the activity of the Pt
based catalysts. Furthermore, the carbon-based or carbon sup-
ported catalysts suffer from their sensitivity to corrosive degrada-
tion under operating conditions [20], while the activity of the
metal oxide based materials, which are mostly stable in both acidic
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and oxidizing environments, is limited by their generally poor
electrical conductivity [19,21,22]. An increase of the electric
conductivity is possible by nitriding of metal oxides, which can
lead to a decreased band gap of the metal oxide semiconductors
[23].

As part of an ongoing effort to develop novel, highly active and
stable Pt-free ORR catalyst materials [19,24,25], we report here the
synthesis, structural characteristics and electrochemical/electro-
catalytic properties of novel core-shell composite materials,
consisting of a spherical nitrided carbon core and a tantalum
(oxy)nitride shell. Metal (oxy)nitrides, and in particular tantalum
(oxy)nitrides, have been reported earlier to be active ORR catalysts
and to be stable in acidic environment [22,26–29]. Similarly,
nitrided carbon was also reported to exhibit a significant ORR
activity [8,12]. The nitrided carbon cores are supposed to increase
the electrical conductivity of the material. On the other hand, the
metal (oxy)nitride shells are expected to protect the nitrided
carbon cores against electrochemical corrosion under reaction
conditions. Based on the results of a recent study, where we
investigated the synthesis and electrochemical/-electrocatalytic
properties of similar type core-shell particles with a titania (oxy)
nitride shell [25], the shell is expected to be mesoporous, allowing
transport of O2 also to the nitrided carbon core. Compared to the
titania based analogue, tantalum (oxy)nitrides are rather complex,
since they may include a variety of crystal phases with different
ORR characteristics [26].

Before presenting and discussing the results of our study, we
will briefly summarize previous findings relevant for this work.
Ishihara et al. [26] presented TaO0.92N1.05 as an ORR-active phase
and later attributed the activity to a Ta3N5-like TaOxNy structure
with some surface defects [22]. This work already demonstrates
the complexity of determining the active sites in such systems with
numerous different phases, phase boundaries and surface compo-
sitions. The addition of carbon makes the overall catalytic system
even more complex, as shown by Ishihara et al. [17], who stated
that the oxidation of a TaCN precursor leads to increased ORR
activities. Later, Ohgi et al. [30] and Ishihara et al. [31] attributed
the ORR activity to the oxygen-vacancy defects of the Ta2O5

resulting from the oxidation of the TaC/TaCN precursors and the
formation of electrical conduction pathways introduced by the
carbon which are necessary for an efficient ORR activity.
Furthermore, the oxidized Ta3N5 phase was also discussed as
being ORR active [32]. Theoretical studies claim that this activity is
based on O-substituted Ta3N5 surfaces, which lead to additional
states located between conduction and valence band and allow O2

adsorption [33]. These authors stated that those states weaken the
O-O-bond, thereby enhancing the ORR activity. Overall, the
previous results indicate that the ORR activity of tantalum (oxy)
nitride systems is not a result of a single active phase, but is rather
due to the presence of various types of defects.

The main difference between our materials and the ones of Ota
et al. is that we use composite materials based on a combination of
a highly structured nitrided carbon core and a tantalum (oxy)
nitride shell, while most previous studies either used modified
tantalum oxide/(oxy)nitride based compounds which are sup-
ported on carbon [17,30,31] or sputtered TaOxNy films [22,27,34].
Recently, also carbon nanotubes were used as support [32,35].

In the following, we will first describe the synthesis of the (oxy)
nitride core-shell materials as well as the experimental procedures
and instrumentation employed for their characterization (Sec-
tion 2). Next we present results of the synthesis and physical
characterization of the resulting catalyst materials (Section 3.1).
The results of the electrochemical characterization, both in acid
and alkaline electrolyte, will follow in Section 3.2. In Section 3.3 we
will focus on the performance of these materials in the ORR
(Section 3.3.1) and compare this with the ORR performance of

related materials (Section 3.3.2). Next, we tested their stability
under operating condition, evaluating the loss of ORR activity
during simulated start-stop cycles (Section 3.3.3), followed by a
discussion of the active phase(s) of the materials (Section 3.3.4).
Finally, the main conclusions derived from this work are
summarized in Section 4.

2. Experimental

2.1. Synthesis of uniform tantalum (oxy)nitride@nitrided carbon

spheres

165 mL of a 0.75 M solution of glucose in aqua dest. was
hydrothermally treated at 165 �C for 10.5 h [36]. The resulting
spherical carbon particles were washed three times with 200 mL
aqua dest. and ethanol each, centrifuged and dried.

A homogeneous tantalum oxide shell was deposited by sol-gel
processing of tantalum alkoxides in the stable colloidal solution of
the as-synthesized carbon spheres, following a modified procedure
reported by Ming et al. [37]. A colloidal solution of carbon spheres
(1.915 g) in ethanol abs. (210 mL) was prepared by ultrasonic
treatment (2.5 h). Tantalum(V) butoxide (3.29 g) dissolved in
ethanol abs. (40 mL) was first added dropwise to this colloidal
solution, followed by homogenization for 1.5 h. Aqua dest.
(200 mL) was added (1 mL min�1) while stirring, followed by
ageing of the reaction solution for 24 h. Subsequent solvothermal
treatment at 210 �C for 16 h led to spherical tantalum oxide@-
carbon particles. The product was washed twice with 100 mL
ethanol, centrifuged and dried.

The tantalum oxide@carbon spheres were subjected to ammo-
nia nitriding leading to tantalum (oxy)nitride@nitrided carbon
composites: After placing 400 mg of the as-synthesized tantalum
oxide@carbon composite in the tube furnace and flushing with
argon, the sample was heated to the desired reaction temperature
(different temperatures between 700 �C and 1150 �C in 150 �C
steps). The NH3 flow during the heat-up phase was adjusted such
that the overall volume of the gas stream during this phase was
equal to half of the volume of the furnace tube (12 L). When
reaching the reaction temperature, the NH3 flow was adjusted to
2.5 NL h�1. The sample was kept under these conditions for 2 h.
(Note that in this work ‘oxynitride’ will indicate compounds
containing both oxygen and nitrogen, whereas ‘(oxy)nitrides’ will
stand for the class of materials formed during nitriding of the
oxides, which will either be oxynitrides or nitrides.) In the
following, the tantalum (oxy)nitride@nitrided carbon spheres are
labelled as TaON@CN, independent of the O:N and C:N ratios. For
specific materials, the reaction temperature is stated by a number
added to that label (700–1150 = 700 �C � 1150 �C), the non-nitrided
tantalum oxide@carbon spheres are denoted as TaO@C-RT. In
addition to the composites, Ta2O5 powder (Alfa Aesar) was nitrided
for comparison and labelled TaOxNy-a, with a indicating the
nitriding temperature (TaOxNy rather than TaON to indicate the
difference to the TaON phase).

2.2. Characterization of uniform tantalum (oxy)nitride@nitrided

carbon spheres

Bright field transmission electron microscopy (BF-TEM) images
were taken with a JEOL1400 instrument equipped with a CCD
camera. For sample preparation, a droplet of ethanol (Merck
Emsure) solution containing the material powder (ca. 1 mg mL�1)
was deposited on a carbonized Cu grid (Plano, Mesh 300), followed
by evaporation of the ethanol. The energy dispersive X-ray
spectroscopy (EDS) maps were acquired with a JEOL JEM-F200
high-resolution transmission electron microscope equipped with a
cold field emission electron source at 200 kV in STEM (scanning
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transmission electron microscopy) mode, using a single 100 mm2

silicon drift detector with a total solid angle of 0.97 sr. The total
acquisition time was 170 seconds and the probe current was
approximately 0.7 nA. A few milligrams of the powder were
dispersed in a small amount of ethanol. After short sonication, the
solution was drop-casted on a carbon-coated TEM grid and left to
evaporate at room temperature. The scanning electron microscopy
(SEM) images were recorded with a field emission-scanning
electron microscope (FE-SEM, Zeiss Ultra Plus) at 10 keV beam
energy. For imaging, the samples were deposited on a conducting
carbon film. Thermogravimetric analysis of the samples, simulta-
neously monitoring the mass loss (TGA � thermogravimetric
analysis) and the heat release (DTA � differential thermoanalysis),
was performed with a Netzsch STA 449C system in air. The
temperature range was set from 20 to 1000 �C with a heating rate
of 10 �C min-1. X-ray diffraction measurements were performed
using an Bruker D8 Advance instrument (Bruker Karlsruhe)
applying Cu-Ka radiation (l = 0.154 nm) in a 2 Theta; range of 5�

to 80� (0.02� continuous mode, 0.5 s per step). The average
crystallite size was evaluated via the Scherrer equation. To
additionally determine the mass percentage of different crystalline
phases, we applied Rietveld refinement. Specific surface area and
porosity were determined via N2 sorption measurements on a
Micromeritics ASAP 2420 instrument (Micromeritics) at a temper-
ature of �196 �C and at a relative pressure range of p/p0 between
0.05 and 0.99. The specific surface area was calculated by the
method of Brunauer, Emmett and Teller in a relative pressure range
of 0.05 to 0.3 p/p0. The ratio of micro- pore surface area to specific
surface area was calculated by the t-plot method (thickness curve:
Carbon black STSA, fitted thickness range: 0.3 � 0.5 nm).

The XPS measurements were performed using a Physical
Electronics PHI 5800 Multi ESCA System, applying monochromatic
Al-Ka radiation at an emission angle of 45� and pass energies of
93.30 eV (survey spectra) and 29.35 eV (detail spectra). The
samples were prepared by depositing and drying 20 mL of an
aqueous catalyst suspension on a silicon wafer, which was pre-
cleaned in ultrapure water (MilliQ), 1 M KOH solution, and conc.
H2SO4. Using silicon wafers instead of a carbon-containing support
we could exclude contributions from the support to the C 1s signal
of the carbon-containing catalyst film. The software package
CasaXPS was used to evaluate and deconvolute the measured
signals using a Shirley background correction. The C 1s signal at
284.8 eV and the Si 2p signal of SiO2 at 103.2 eV served for
calibration of the binding energies [38].

2.3. Electrode preparation and electrochemical measurements

For the preparation of the catalyst thin film electrode, an
aqueous suspension of the synthesized materials (20 mL of a
4 mg mL�1 suspension; Millipore MilliQ,18.2 mV cm) was pipetted
onto a mirror-polished glassy carbon (GC) disc (Sigradur G from
Hochtemperatur Werkstoffe, d = 6 mm) and subsequently dried
under a N2 stream. This resulted in a catalyst loading of
0.28 mg cm�2. To ensure the adhesion of the catalyst layer on
the glassy carbon substrate in the electrolyte also under rotating
conditions, the film was covered with the same amount of a 1 wt.%
aqueous Nafion solution and dried again. The resulting stabilizing
Nafion film is thin enough to rule out additional diffusion
limitations [39]. The geometric area of the electrochemically
accessible part of the electrode is 0.28 cm2. A rotating ring disk
electrode (RRDE) setup (Pine Instruments Analytical Rotator,
AFASRE) was used for the electrochemical experiments, with the
thin film electrode on the GC disc functioning as working electrode.
The working electrode is surrounded by a Pt ring biased at 1.2 V for
measuring the peroxide yield in the ORR reaction. A Pt wire served
as counter electrode and a reversible hydrogen electrode (RHE) as

reference electrode, both in separate compartments connected via
a glass frit. The RHE itself consists of a Pt plate in a glass tube
containing the respective electrolyte used for the measurement
and a H2 bubble. In the following, all potentials will be quoted
versus that of a RHE. The potential was controlled by a bi-
potentiostat (Pine Instruments AFRDE5). The supporting electro-
lytes for the measurements, both the acidic (0.5 M H2SO4, Merck
Suprapur, Millipore MilliQ, 18.2 mV cm) and the alkaline solution
(0.1 M KOH, Merck Emsure, Millipore MilliQ, 18.2 mV cm), were
saturated with N2 gas during the whole experiment. Cyclic
voltammetry (CV) in base electrolyte was performed at a scan
rate of 10 mV s�1 in the potential range of 0.06 V to 1.2 V in the
acidic and �0.4 V to 1.2 V in the alkaline electrolyte, respectively.
The potentiodynamic ORR measurements in O2 saturated support-
ing electrolyte were performed at a scan rate of 10 mV s�1 and a
rotation rate of 1600 rpm.

The measurements of the catalyst film resistance were
performed by pipetting and drying 40 ml of the catalysts
suspension on a glassy carbon disk of 9 mm diameter, similar to
preparation of the catalyst film for the electrochemical measure-
ments. Subsequently, the catalyst film covered glassy carbon disk
was tightly pressed against a clean glassy carbon block, and the
resistance between both glassy carbon units with the catalyst film
in between was measured with a Keithley 197A multimeter.

Degradation in start-stop cycles was simulated by an acceler-
ated degradation test (ADT) procedure which involves square wave
potential cycling (SWC) between 0.4 and 1.4 V, holding each
potential for 1s [2,40,41]. This was performed in the same set up
(N2 sat. base electrolyte, no rotation) as used for the ORR
measurements, employing a programmable potentiostat (Prince-
ton Applied Research 273A). ORR measurements were performed
before and after the ADT-SWC as described above in order to
determine the catalyst degradation.

3. Results and discussion

3.1. Synthesis of uniform core-shell structures

For the synthesis of TaOxNy@CmNn core-shell composites,
approaches used to create hollow tantalum oxide nanoparticles
have been modified. Tantalum oxide can be formed by sol-gel [42–
45] or layer-by-layer [46] processes on colloidal carbonaceous
sacrificial template cores, such as polysaccharides based carbon
spheres, (functionalized) polystyrene spheres and vesicles, fol-
lowed by subsequent removal of the template via calcination in air
or via selective etching. These tantalum oxide shells are typically
amorphous and mesoporous and thus permeable, providing access
to the inner part. In this work, we used hydrothermal carboniza-
tion of glucose, which results in carbon spheres that can be
colloidally dissolved [25,47]. Sol-gel processing of tantalum
alkoxides yields an amorphous Ta2O5 shell (41.75 wt.%) on these
carbon spheres (58.25 wt.%), making use of their hydroxyl group
rich, hydrophilic surface that provides ideal nucleation sites for the
condensation of the tantalum alcoholate precursor (Fig. 1).

3.1.1. Tantalum oxide (Ta2O5)

The most common and stable tantalum oxide is Ta2O5

(oxidation state +5), however, there are several polymorphs
discussed in the literature, such as low temperature L-Ta2O5 and
high temperature H-Ta2O5 phases [48–50]. Tantalum oxide has a
wide band gap of 3.7 eV [51], a high dielectric constant of 25 � 50, a
high refractive index of � 2.15, a high ionic conductivity of � 10�5

–

10�9 S cm�1, and a low leakage current of � 2 � 10�8A cm�2 at
1 MV cm�1. It is biocompatible and offers good thermal and
chemical stability [52]. A wide field of applications of tantalum
oxide has been reported, including photocatalysis (water-splitting)
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[52–54], or its use in dielectric layers for storage capacitors in
DRAMs (dynamic random-access memory) [55]. Ta2O5 in various
morphologies (nanorods, �tubes, �particles, etc.) is synthetically
well accessible by sol-gel processing, solvothermal synthesis,
template synthesis, chemical routes, chemical vapor deposition
and anodization as recently reviewed by Naveenraj et al. [52].
Methods to produce tantalum oxide (thin) films include vacuum
evaporation, sputtering, ion beam deposition, molecular beam
epitaxy (physical deposition) and sol-gel processing, electro-
plating, anodic or thermal oxidation (chemical methods) [56,57].

3.1.2. Tantalum (oxy)nitrides

By substituting oxygen by nitrogen in the tantalum oxide lattice
(nitriding), the refractive index and the density increase, whereas
the band gap decreases [58]. Varying the N:O content for TaOxNy

allows a fine tuning of these properties, with the band gap of TaON
ranging from 1.9 to 2.5 eV [59] and the refractive index from �1.9 to
2.3 [60]. For comparison, Ta3N5 has a band gap of 2.1 eV [61].
Therefore, TaON and Ta3N5 are very attractive photocatalysts [62].
TaN is chemically inert, corrosion resistant, a hard ceramic and
used as diffusion barrier [63]. The most common synthetic
approach towards tantalum (oxy)nitride nanoparticles is the
direct nitriding of tantalum or tantalum oxide (nano)particles
with NH3 or N2 or the carbothermal reduction of tantalum oxides
in the presence of NH3.

Tantalum (oxy)nitrides show a diversity of stable and metasta-
ble phases. Schönberg et al. [64] reported the first tantalum
oxynitrides synthesized by the oxidation of (d, e)-TaN, namely the
four non-stoichiometric phases TaO0.10N0.90, TaO0.25N0.75,
TaO0.35N0.65 and TaO0.50N0.50. The first stoichiometric tantalum
oxynitride phases b-TaON and a-TaON formed by nitriding of
Ta2O5 with high ammonia flow rates at temperatures of 800–
900 �C were described by Brauer et al. [65,66] as intermediates in
the synthesis of Ta3N5. For lower ammonia flow rates g-TaON is
formed [67]. The b-TaON polymorph crystallizes in the monoclinic
system and is iso-structural with baddeleyite (ZrO2), while for
a-TaON first principles electronic structure calculations [68]
showed that it is probably not existent. g-TaON (TaO1.1N0.9, C-
centered monoclinic) finally is a metastable polymorph of lower
density than b-TaON [69].

Tearo et al. [70] reported seven tantalum nitride phases
synthesized by nitriding thin tantalum films in ammonia and
nitrogen: TaN�0.5 (cubic, b-phase), Ta2N (hexagonal, g-phase),
d-TaN (hexagonal), e-TaN (hexagonal), Ta5N6 (hexagonal), Ta4N5

(tetra-gonal) and Ta3N5 (tetragonal or monoclinic). Heating Ta3N5

in vacuum led to a successive phase transformation from higher to
lower nitrides with decreasing N content: Ta3N5! Ta4N5! Ta5N6

! e-TaN ! Ta2N. Beside the two hexagonal d-TaN and e-TaN
phases, a third fcc TaN phase is known [71]. Gaini et al. reported the
Ta2N3 phase, which crystallizes in a cubic Mn2O3-type ordered
defect fluorite lattice [72]. Beside Ta2N, further lower nitrides Ta4N
and TaN0.1were observed by Shin et al. [73] upon ultrahigh vacuum
reactive magnetron sputtering of Ta in mixed Ar/N2 discharges.
Stampfl et al. [74] investigated the relative stability of several
tantalum nitride phases by density functional theory (DFT) based
calculations, which indicated that Ta5N6, Ta2N and Ta3N5 are stable
phases, whereas d-TaN, e-TaN and Ta4N5 are metastable. Despite
the diversity of stable and metastable phases of these tantalum
(oxy)nitrides, investigations regarding their application in ORR
catalysis are mainly limited to TaON, Ta3N5 and TaN. In the present
study Ta4N5 is considered for the first time. The Ta4N5 phase has a
defective rocksalt structure and contains an ordered arrangement
of Ta vacancies [74]. The varying stoichiometry of the tantalum
nitrides goes along with changing properties, e.g., from Ta1.12N
(metallic) to Ta0.90N (metallic) to Ta0.74N (barely metallic) to Ta0.66N
(insulating). Ta4N5 (Ta0.8N) can be classified as (barely) metallic
[75].

3.1.3. Synthesis of spherical core-shell tantalum (oxy)nitride@nitrided

carbon composites

The Ta2O5@C composite spheres that result from coating the
carbon cores prepared in the first step are subjected to ammonia

Fig. 1. Schematic presentation of the synthesis procedure.

Fig. 2. X-ray diffraction patterns of the tantalum oxide covered carbon spheres after
nitriding at different temperatures (TaON@CN (700–1150 �C)). Squares, circles etc.
indicate the phases related to the respective peaks (see topmost panel).
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nitriding at different temperatures from 700 �C to 1150 �C as
schematically shown in Fig. 1. The XRD patterns after nitriding at
different temperatures (700 to 1150 �C) are shown in Fig. 2.
Additionally, the assignment of the reflections of TaON@CN-1000
and TaON@CN-1150 is illustrated in the supporting information
(Figs. S2 and S3). The tantalum oxide shells of TaO@C-RT (not
shown) and TaON@CN-700 are composed of amorphous tantalum
oxide, TaON@CN-700 is most likely N-doped. For reaction
temperatures of 850 �C and higher, crystalline phases start to
evolve, such as TaON, Ta3N5, Ta4N5 and TaN. The shell of TaON@CN-
850 to -1150 consists for each sample of at least two tantalum (oxy)
nitride phases, and with progressing nitriding at higher reaction
temperatures a phase transition from higher to lower tantalum
nitrides takes place. (The classification of “higher and lower
tantalum nitrides” is based on the N content decreasing from
higher (e.g. Ta3N5:TaN1.67) to lower nitrides (e.g. TaN)).

The observed phase transitions are

TaON=Ta3N5 !
1000�C

Ta3N5=Ta4N5 !
1150�C

Ta4N5=TaN

where the compositions were obtained from Rietveld refinement
as TaON/Ta3N5: 63 wt.% to 37 wt.% (TaON@CN-850), Ta3N5/Ta4N5:
40 wt.% to 60 wt.% (TaON@CN-1000) and Ta4N5/TaN: 47,5 wt.% to
52,5 wt.% (TaON@CN-1150). The lower tantalum nitride phase has
in each case a two to three times smaller crystallite size (5–10 nm)
than the coexisting higher tantalum nitride or (oxy)nitride (9–
27 nm).

As expected from previous experiments with titania@carbon
spheres [25], nitride formation occurs simultaneously also in the
carbon core at all temperatures investigated. This is indicated by
EDS and FTIR spectroscopy measurements as exemplary shown for
TaON@CN-700 (EDS, Fig. 3 and S1, Supporting information) and by
the comparison of the FTIR spectra of TaON@CN-1000, CN-1000
(pure carbon spheres nitrided with ammonia under identical
conditions as the composites) and C-1000 (pure carbon spheres

treated at the same conditions without NH3) in Fig. S4. Fig. 3a
shows the overlay image of tantalum (green), nitrogen (blue) and
carbon (red) of TaON@CN-700 as spectroscopically imaged. Fig. 3b-
d show the projected distributions of tantalum, nitrogen, and
carbon within the particles in separate images. A similar figure of
the oxygen distribution is shown in Fig. S1. These images not only
clearly indicate that the carbon core is homogeneously coated by
TaOxNy, but also confirm the simultaneous nitriding of both
composite components. This is also supported by the FTIR spectra
(Fig. S4), for which the broad bands at 1550 cm�1, which can be
associated to polycyclic aromatic carbons as well as to cyclic
amines, CN-, NH-groups, are found in all three samples, while the
broad band at 1225 cm�1, indicating the presence of cyclic amines,
is only present for the nitrided samples (Fig. S4).

In agreement with the EDS data, TEM and SEM images (Figs. 3, 4
and 5) clearly illustrate that the TaO@C-RT and TaON@CN spheres
are structurally as well-defined as the pure carbon spheres. The
tantalum oxide and TaOxNy shell is clearly visible in the TEM
images as a shell of homogeneous thickness that completely covers
the (nitrided) carbon core. The shell thickness decreases continu-
ously from �25 nm for TaO@C-RT to �15 nm for TaON@CN-1150
(TEM evaluation) due to the phase transition to lower tantalum
nitrides of higher density. The average diameter of the spheres is
�314 nm for TaO@C-RT, for the TaON@CN spheres the diameter
lowers to 278 nm � 260 nm due to the mass loss and the
concomitant shrinkage of the nitrided carbon core. For TaO@C-RT,
the amorphous shell shows a typical granular fine structure made
of small particles. Ammonia nitriding up to 700 �C has no
noticeable effect on the morphology or surface structure of the
TaON@CN spheres. With the phase transition of (N-doped)
tantalum oxide at 850 �C, however, the homogeneous shell
transforms to a coarse structure on top of the carbon spheres.
The following phase transitions at 1000 �C and 1150 �C lead to a
shell morphology that is characterized by finer phase separated
structures on top of and partly embedded within a lower shell. The

Fig. 3. Elemental mapping (STEM EDS) of TaON@CN-700: a) Overlay of Ta (green), N (blue) and C (red) elemental maps, b) tantalum elemental map, c) nitrogen elemental map
and d) carbon elemental map. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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combination of XRD and TEM/SEM measurements indicates that
the shell of TaON@CN-1000 and �1150 consists of two tantalum
nitride phases, which are separated into a homogeneous part
covering the carbon sphere and a coarser network on top of it
(Fig. 5). Since the phase in contact with the carbon core has a more
homogeneous character, which matches better the smaller
crystallite size of the lower tantalum nitride, it is likely that it is
composed of the Ta4N5 phase for TaON@CN-1000 and of TaN for

TaON@CN-1150, respectively. This would be in perfect agreement
with the results obtained from nitrogen sorption experiments (see
discussion below). The nitrided carbon core is present for all
samples; no hollow TaOxNy spheres have been detected.

In our synthesis procedure we aimed at a Ta2O5@C sphere
composition of 1 g C to 0.7 g Ta2O5 (core 58.8 wt.%: shell 41.2 wt.%).
The value obtained for the TaO@C-RT sample is 1 g C to 0.716 g
Ta2O5 (core 58.25 wt.%: shell 41.75 wt.%), as shown in Table 1,

Fig. 4. SEM (a,b,c,d,e) and TEM (f,g,h,i,j) images of the TaON@CN spheres as well as the related particle size distributions.
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demonstrating that the chosen synthesis route allows a very
precise shell design (determination of shell and core mass
percentages see Supporting information). Upon nitriding at higher
temperatures, the mass percentage of the nitrided carbon core of
samples TaON@CN-700 to -1000 decreases to 36 wt.% � 39 wt.%.
Carbonization of the carbon spheres goes along with a thermal
decomposition and the evolution of CO, CO2 and H2O (from
oxygenated functional groups) and of CH4 (from methine and
methylene groups) [36]. This major mass loss occurs at temper-
atures below 500 �C, concomitant with a decrease of the dia-meter
of the nitrided carbon core. TaON@CN-1150 has a slightly higher
nitrided carbon core mass percentage of 46 wt.% compared to the
TaON@CN spheres that were prepared at lower temperatures. This
lower weight loss is likely due to the formation of the dense TaN

phase, which can seal the nitrided carbon core, thereby preventing
the typically occurring etching processes of carbon by H2

originating from NH3 decomposition during the nitriding process
(see below).

N2 sorption can give very detailed information on specific
surface areas and the presence as well as size ranges of micro- and
mesopores. Similar to the results obtained for titania- and titania
(oxy)nitride-decorated carbon spheres [25], we assume that
micropores are only located within the nitrided carbon core,
and that the micropore surface area equals the specific surface area
of the CmNn core accessible for nitrogen. Mesopores are only
associated to the tantalum oxide or (oxy)nitride shell. The
isotherms of TaO@C-RT to TaON@CN-1150 are given in Fig. 6a.
The isotherms of TaON@CN-700 to TaON@CN-1000 clearly indicate

Fig. 5. Higher resolution SEM images of the surface of TaON@CN-1000 and TaON@CN-1150, resolving the phase separated tantalum (oxy)nitride surface structures.

Table 1

Phase composition as obtained from XRD and Rietveld analysis, specific surface areas (SSA) and micropore surface areas (MPSA) from nitrogen sorption data, as well as shell
and core mass percentages as obtained from thermogravimetric analysis.

Sample Phasea SSA/m2 g�1 MPSA/m2 g�1 Shell mass percentage/wt.% Core mass percentage/wt.%

TaO@C-RT amorphous 133 – 41.8 58.2
TaON@CN-700 amorphous 235 180 61.0 39.0
TaON@CN-850 TaON � 63 wt.% � 9 nm

Ta3N5 � 37 wt.% � 5 nm
298 233 64.0 36.0

TaON@CN-1000 Ta3N5 � 40 wt.% � 27 nm
Ta4N5 � 60 wt.% � 10 nm

278 184 61.0 39.0

TaON@CN-1150 Ta4N5–47.5 wt.% � 19 nm
TaN � 52.5 wt.% � 8 nm

67 – 54.0 46.0

a Phase � mass percentage � crystallite size.

Fig. 6. Results of the N2 sorption measurements of TaON@CN nitrided at different temperatures, a) isotherms, b) micropore and specific surface area.
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the presence of micropores, with micropore surface areas from 180
to 233 m2 g�1 being the main contribution to the specific surface
area ranging from 235 to 298 m2 g�1 (Fig. 6b), while for the as-
prepared sample TaO@C-RT and for TaON@CN-1150 no micropores
are detected. For TaO@C-RT micropores are not developed yet due
to the lack of thermal carbonization of the carbon core (SSA:
133 m2 g�1). For TaON@CN-1150, this is probably due to the
presence of the TaN phase that is formed in close contact to the
carbon core at 1150 �C. TaN is used technically as (gas) diffusion
barrier [63]. This also explains the lower specific surface area of
only 67 m2 g�1 compared to the other nitrided composite spheres.
The shell of TaO@C-RT is mesoporous indicated by the presence of
a hysteresis. For TaON@CN-700 and -850 the mesoporous
character of the samples is lost and only with the formation of
the Ta4N5 phase next to the carbon core at 1000 �C slit-like
mesopores are present again. For TaON@CN-1150, the H3 type
hysteresis associated with the mesopores of the Ta4N5 phase is still
present. All isotherms show an increase of the adsorbed volume of
N2 at high relative pressures p/p0, which points to the formation of
macropores created by interstices between agglomerated
TaON@CN spheres.

XPS measurements of the nitrided composites were performed
in order to gain insight into the surface-specific elemental
composition, which is especially important for the electrochemical
surface reaction and may differ from the structure of the bulk
material. Fig. 7 depicts Ta 4f7/2/4f5/2 spectra recorded on the
different tantalum (oxy)nitride samples. The broad spectra with

two or three maxima are composed of several peaks, which can be
deconvoluted. Peaks at 26.6/28.5 eV (full lines) and at 25.9/27.8 eV
(dashed lines) are assigned to Ta2O5 [22,29,76] and to TaON
[22,32,77], respectively. The spectra indicate that independent of
the nitriding temperature there are significant contributions from
Ta2O5, which is most easily explained by a re-oxidation of the
tantalum (oxy)nitride surface of the catalysts because of exposure
to air (during sample transport through air). Furthermore, the
spectra clearly indicate a nitriding of the still amorphous tantalum
oxide at 700 �C (XRD measurements did not resolve any
crystallinity for TaON@CN-700, Fig. 2), which is supported also
by the EDS measurements. A higher nitriding temperature of
850 �C leads to the development of a new signal at 25.0/27.0 eV in
the XPS spectrum, which we assign to Ta3N5 [22,29], a phase which
was also detected by the XRD measurements for the catalysts
prepared at nitriding temperatures of 850 and 1000 �C. For
TaON@CN-1000, new peaks evolve at 24.1/26.0 eV, which can be
correlated to TaN and Ta4N5 [29,76]. Overall, we observe a shift of
the tantalum (oxy)nitride phases to a higher nitrogen content,
from TaON at 700 �C to a mix of TaON and Ta3N5 at 850 �C,
respectively, and the onset of Ta4N5 and TaN formation at 1000 �C.
Finally, TaON@CN-1150 shows a high ratio of TaN and Ta4N5, which
is in accordance with the XRD data. However, a strong oxidation of
the tantalum (oxy)nitride close to the surface was detected as well.
The measurement of the N 1s signal (see Supporting information:
Fig. S5) did not give any additional information, since the N 1s
signals of the different TaOxNy surfaces cannot be distinguished
from the N 1s signals of the nitrided carbon core and the Ta 4p
signal of Ta2O5, which prevents a more detailed evaluation [12,32].

3.2. Electrochemical characterization

The electrochemical properties of the tantalum (oxy)nitride@-
carbon nitride composites were characterized by cyclic voltammo-
grams (CVs) recorded in N2 saturated acidic (0.5 M H2SO4, potential
window 0.06–1.2 V) and alkaline (0.1 M KOH, potential window
�0.4 to 1.2 V) electrolyte. In the alkaline electrolyte we used a
wider potential range in order to gain more information on the
nature and characteristics of a second ORR plateau, which appears

Fig. 7. XP spectra of the Ta 4f signals of the TaON@CN samples nitrided at different
temperatures.

Fig. 8. a) Cyclovoltammogram and b) current densities at 0.6 V (cathodic and
anodic scan) of TaON@CN nitrided at different temperatures recorded in N2-
saturated 0.5 M H2SO4 (10 mV s�1), catalyst loading of 0.28 mg cm�2.
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below 0 V and which will be discussed in more detail later. The
cyclic voltammograms (CV) measured in acidic and alkaline
electrolyte are presented in Figs. 8a and 9a a, respectively. The
current densities measured at 0.6 V for the cathodic and anodic
scan are indicated in the insets (Figs. 8b and 9b). Current densities
rather than currents are shown to better compare the double layer
charging properties of the catalysts, independent of the specific
surface area of the materials. They were obtained by normalizing
the currents to the specific surface area (SSA) derived from N2

sorption measurements (see above).
In acidic electrolyte, the CVs of the composite materials, except

TaON@CN-700, show only double layer currents and the chinone/
hydrochinone [78] signal of the carbon (Fig. 8), where the double
layer charging current densities of the composites strongly
increase when increasing the nitriding temperature from 850 to
1000 �C, while a further increase to 1150 �C has little effect. The
higher double layer charging current densities can be explained by
a better conductivity and hence a lower resistance through the
catalyst layer. The improved electrical conductivity can be
tentatively explained from the TEM and SEM images in Fig. 4,
which show rather large areas with thinner Ta4N5 and TaN layers.
This results in a better electric contact between the (nitride)
carbon cores and thus in an increase of the (electrically contacted)
electrochemically available surface area, which in turn results in
higher double layer charging current densities. Finally, the
TaON@CN-700 catalyst differs from the other ones in that it
shows a slow increase of the current density in the positive-going
scan (decrease in the cathodic scan) over the initial 600 mV, which
is more characteristic for a redox reaction on the surface, rather

than for simple double-layer charging, as obtained for the other
TaON@CN materials. This can be tentatively explained by a lower
chemical stability of the still amorphous TaOxNy structure
compared to the crystalline phases (see also the XRD and XPS
results in Figs. 2 and 7).

Analogous CVs recorded in alkaline electrolyte (Fig. 9) showed a
similar behavior as those in acidic electrolyte (Fig. 8). Again, we
found low current densities for nitriding at 850 �C and strongly
increased current densities for nitriding at 1000� and 1150 �C, in
agreement with the results in acidic electrolyte (Fig. 8). TaON@CN-
700 shows again a surface reaction in addition to the double layer
charging currents. The wider potential window does not cause any
significant modifications of the CVs at potentials above 0 V, and
there are also no distinct features in the range below 0 V.

The overall improvement of the electrochemical properties
induced by the (nitrided) carbon cores, in particular the increased
electrochemically active surface area, is evident when comparing
these CVs with similar current traces recorded on carbon-free
TaOxNy reference catalysts (Supporting information: Figs. S6 and
S7). The latter ones show very small current densities, most
probably caused by the glassy carbon, and no change with
increasing nitriding temperature. The inactivity for electrochemi-
cal surface reactions and the double layer charging process is
attributed to a lower electrical conductivity despite their nitriding.
In order to verify this assumption, we measured the overall
resistance of the catalyst film as described in the experimental
section. The measured resistances in Table 2 clearly demonstrate
the improvement in resistivity caused by the carbon core since for
TaON@CN films the resistances are several orders of magnitudes
lower than for the TaOxNy materials without the carbon core.
Hence, our approach of combining carbon cores with a tantalum
(oxy)nitride shell indeed improved the electrical conductivity of
the catalyst material. Furthermore, comparing the values of the
different TaON@CN materials, we see a decrease in the resistances
with increasing nitriding temperatures, which qualitatively fits to
the increasing current densities observed in the electrochemical
measurements (Figs. 8 and 9) and should lead to an increase of the
ORR activity of the composite materials. It should be noted that the
resistance measurements in Table 2 can only give an indication of
the resistance of the catalyst films in air. They do not represent the
actual resistance of the materials under electrochemical con-
ditions, in the presence of the electrolyte.

The absence of additional signals in the CVs besides the double
layer charging currents and the carbon signal (chinone/hydro-
chinone) for the TaON@CN-850 sample closely resembles the
electrochemical characteristics of other TaOxNy catalysts reported
previously [22,26,28]. To the best of our knowledge, comparable
composite materials containing tantalum (oxy)nitrides and carbon
have not been described so far. The CVs of the present TaON@CN
catalysts closely resemble those of similar type TiON@CN core-
shell catalysts, which we had investigated previously [25]. The CVs
of the TiON@CN catalysts are also dominated by currents caused by
the double layer charging processes. Only TiON@CN-700 exhibited
signals related to additional surface reactions.

Fig. 9. a) Cyclovoltammogram and b) current densities at 0.6 V (cathodic and
anodic scan) of TaON@CN samples nitrided at different temperatures, recorded in
N2-saturated 0.1 M KOH (10 mV s�1), catalyst loading of 0.28 mg cm�2.

Table 2

Resistance measurements of the catalyst films of TaOxNy and TaON@CN (without catalyst film: 2 V).

Nitriding T Resistance/V

RT 700 �C 850 �C 1000 �C 1150 �C

TaOxNy 2�107� 3�106 7�107� 4�106 2�107� 4�106 2�107� 3�106 no information
TaON@CN 527 � 93 787 � 181 78 � 50 4 � 1 3 � 1
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3.3. Activity and selectivity in the oxygen reduction reaction

The activity and selectivity of these catalyst materials in the
ORR were characterized by measurements in a RRDE setup in O2-
saturated electrolytes. To exclude effects of double layer charging
and other surface processes not related to the ORR, the reaction
currents presented in Figs. 10 and 11 were corrected for this by
subtracting the currents of the CV measurements in base
electrolyte (Figs. 8 and 9) from the measured ORR currents.

3.3.1. ORR performance in acid and alkaline electrolyte

Fig. 10 depicts the ORR current densities (a) of the TaON@CN
composite materials, the ring current densities (b) and the
calculated hydrogen peroxide yields (c). Comparing the onset of
the ORR and the absolute current densities reached, we see a clear
effect of the nitriding temperature. We can identify three different
groups, the TaO@C-RT material, which is essentially inactive, the
TaON@CN-700, TaON@CN-850 and TaON@CN-1150 catalysts,
which are characterized by measurable activities (current densi-
ties) and onset potentials between 0.4 and to 0.6 V, and finally the
TaON@CN-1000 catalyst, which is by far the most active catalyst in
the entire set of catalyst, by at least an order of magnitude higher
current densities than reached by the previous set of samples, and
an onset potential of about 0.7 V. The hydrogen peroxide yield for
these catalysts are mostly between 35% and 45%, only the
TaON@CN-700 catalysts, where H2O2 yield starts at 20% at 0.6 V,
reaches 50% at 0.4 V and then remains at this level. The most
promising TaON@CN-1000 catalyst starts at about 40% H2O2 yield,
which then decays steadily at higher overpotentials, reaching 25%

at 0.2 V. It should be noted already at this point that for practical
applications these high peroxide yields are not applicable and need
to be further reduced (see also the later discussion).

The TaOxNy catalysts, without the presence of the carbon core,
which were characterized for comparison (Supporting informa-
tion: Fig. S8), did not show any increase in ORR activity with
increasing nitriding temperature at otherwise similar conditions.
This agrees with expectations based on the low current densities in
the CVs (Supporting information: Figs. S6 and S7), which indicated
a very low electrochemically active surface area. As briefly
mentioned later, the added carbon core is also expected to play
an important part for the ORR activity of the composites, since the
nitrided carbon is known to be active in the ORR [8,12].

Comparable trends are found in the ORR measurements in
alkaline electrolyte, which are presented in Fig. 11. For all catalysts
the onset of ORR activity is above 0.7 V. The ORR current densities
show a characteristic two-plateau shape, with the first plateau
between 0.6 and 0.2 V and the second, with higher current
densities, at potentials below �0.1 V. Similar two-plateau charac-
teristics in alkaline electrolyte with a change in the selectivity were
reported previously for a number of related catalyst systems, e.g.,
for nitrogen doped carbon nanotube arrays [79], for phosphorus
doped graphite layers [80] and for titanium (oxy)nitride@carbon
catalysts [25].

Again, TaON@CN-1000 is the most active catalyst, both with
respect to the onset potential of 0.9 V and the current densities
measured, and TaO@C-RT is the least active catalyst, while the
other ones are in between. The ORR current densities of the former
catalyst are nearly twice of those nitrided at lower temperatures.
Hence, in alkaline electrolyte the difference in ORR activity
between the TaON@CN-1000 catalyst and the other catalysts
nitrided at higher or lower temperatures is less pronounced than in
acid electrolyte.

In alkaline electrolyte, the hydrogen peroxide yield of these
catalysts, at potentials below 0.6 V, is between 20% (TaON@CN-
1000) and 35% (TaON@CN-700, TaON@CN-850), that of the TaO@C-
RT catalyst is around 50% and that of the high temperature nitrided
TaON@CN-1150 catalyst decays steadily with decreasing potential,
from 60% at 0.6 V to about 30% at �0.4 V. Except for the TaON@CN-
850 and the TaO@C-RT catalysts, the transition between the two
plateaus seems to go along with a change in selectivity, where at
least part of the higher current density in the lower potential
(higher overpotential) plateau results from a higher contribution of
the 4-electron reduction ORR pathway to water than from the 2-
electron reduction to hydrogen peroxide in the higher potential
regime. For the reference materials without the carbon core (TaON)
we do not see any change of the ORR activity in the alkaline
electrolyte with increasing nitriding temperature (Supporting
information: Fig. S9). This shows ORR inactivity of the pure
tantalum (oxy)nitride materials caused by their low electrical
conductivity. We contribute the ORR activity shown in Fig. S9 to the
carbon electrode, which is still in contact to the electrolyte and can
therefore show an ORR activity in alkaline electrolyte.

In summary, also in alkaline electrolyte TaON@CN-1000 is the
most promising ORR catalyst in the series investigated, both with
respect to its activity and its selectivity for the 4-electron pathway.
Compared to the reaction in acid electrolyte, however, the
differences are less pronounced.

3.3.2. Comparison with ORR performance of related catalyst materials

The ORR performance of these electrocatalysts shall be
compared with that of related materials, which include on the
one hand tantalum oxides and (oxy)nitride materials, on the other
hand titanium (oxy)nitrides with a similar core-shell structure and
a nitrided carbon core.

Fig. 10. a) ORR current densities, b) ring current densities, c) H2O2-yield of
TaON@CN samples nitrided at different temperatures and, for comparison, of a
commercial Pt/C catalyst, recorded in O2-saturated 0.5 M H2SO4 (1600 rpm,
10 mV s�1), catalyst loading of 0.28 mg cm�2.
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The performance of tantalum (oxy)nitrides in the ORR was
investigated in a number of studies by the group of Ota [22,26–
28,76]. Most of their work focused on tantalum (oxy)nitrides
without addition of a carbon support. The onset of the ORR was
found to vary with the calcination temperature and the crystallin-
ity of the tantalum (oxy)nitride, reaching a maximum (lowest
overpotential) of 0.75 V in acid electrolyte at calcination temper-
atures of around 850 �C [26–28]. It is important to note, however,
that the current densities in these studies were very low, on the mA
cm�2 scale, and increased only very slowly with increasing
overpotential. In the present study, in contrast, current densities
were on a mA cm�2 scale caused by the addition of the carbon core.
In difference to the findings of the Ota group, we found a
comparable ORR onset of about 0.7 V for the TaON@CN-1000
catalyst, which was nitrided at 1000 �C, indicating that the addition
of the carbon core has a major influence on the catalyst activity. In
particular, it drastically increases the current densities. Similar
trends were reported by the Ota group. When supporting the (oxy)
nitrides on carbon black [17,30,31] or on carbon nanotubes [32,35],
they found significantly higher current densities, similar to those
observed in the present work.

Another problem, which has not been considered in most of
above studies, is the rather low selectivity for water formation (4-
electron pathway). RRDE measurements of the ORR performed on
TaOxNy reference materials and the TaON@CN catalysts showed
that H2O2 formation contributes with more than 20% to the O2

reduction (O2 consumption), which is far beyond the values
required for application as cathode catalyst in PEM fuel cells.
Peroxide yields above 20% were also reported by Ishihara et al. [35]

for other tantalum oxide based catalysts. Since the nitrided carbon
spheres themselves also produce significant amounts of peroxide
(see supporting information: Fig. S11), we cannot distinguish
whether peroxide formation occurs solely on the core or the
tantalum (oxy)nitride shell.

In total, even though the tantalum (oxy)nitrides are promising
with respect to their ORR onset potential, they need significant
improvement of the current density and the selectivity for the 4-
electron reduction process to H2O. The present core-shell
composite nanoparticles led to an improvement in the current
densities compared to unsupported tantalum (oxy)nitride based
catalysts, while there was little improvement in the selectivity.

Furthermore, it should be mentioned that other recent titanium
(oxy)nitride based catalysts also reach comparable and even higher
current densities to the ones of TaON@CN catalysts [25,81,82]. In
our recent study of titanium (oxy)nitride based ORR catalysts we
reported an onset potential of 0.8 V and current densities
comparable to the ones observed for TaON@CN-1000 [25]. Also
in that case, however, the peroxide yields were far too high, being
of similar magnitude as in the present study.

3.3.3. Electrochemical stability of the TaON@CN catalyst materials

Another important advantage of (doped) metal oxides as ORR
catalyst or catalyst support in fuel cells is the stability of these
materials under operating conditions [22,27]. To test the stability
and degradation of the present TaON@CN composite materials
under operation conditions, we performed accelerated degrada-
tion tests (ADT) for the most active material TaON@CN-1000. The
ADT used in this work simulates start/stop cycles during fuel cell
operation. It consists of square wave potential cycling between 0.4
and 1.4 V for 10000 cycles. ORR measurements, performed before
and after the stability tests to evaluate the degradation of the
catalyst, are presented in Fig. 12. They show a decrease of the onset
potential in addition to a significant decrease of the current
densities. In a previous study on comparable TiON@CN catalysts
we concluded based on TEM observations that a loss of the
titanium (oxy)nitride shell is the main reason for the decline in
ORR activity [25]. In the present case, TEM images recorded before
and after the ADT (Fig. 13) do not show any indications for such
kind of shell detachment from the (nitrided) carbon core.
Therefore, the mechanism responsible for the decay in ORR

Fig. 11. a) ORR current densities, b) ring current densities, c) H2O2-yield of
TaON@CN samples nitrided at different temperatures and, for comparison, of a
commercial Pt/C catalyst, recorded in O2-saturated 0.1 M KOH (1600 rpm, 10 mV
s�1), catalyst loading of 0.28 mg cm�2.

Fig. 12. ORR activity of TaON@CN-1000 before (initial) and after (10000 cycles) the
degradation test (O2-saturated 0.5 M H2SO4, 1600 rpm, 10 mV s�1), catalyst loading
of 0.28 mg cm�2.

M. Wassner et al. / Electrochimica Acta 227 (2017) 367–381 377



activity must be different for the TaON@CN catalysts compared to
their titanium analogues. Similar results are obtained from XPS
measurements performed after the ADT (supporting information:
Fig. S10), which do not show any significant changes in the surface
composition compared to before the test, confirming the overall
stability of the tantalum (oxy)nitride. The only difference is
obtained in the Ta 4f signal of Ta4N5/TaN for TaON@CN-1000,
which disappeared almost completely after the stability test. This
points to the dissolution of the Ta4N5/TaN surface phases, where
the latter is known to be unstable in acidic environment [32]. Since
the almost complete loss of these surface phases goes along with a
distinct loss of the ORR activity, we propose that Ta4N5/TaN act as
active surface phases in the ORR rather than the more stable Ta3N5

phase.

3.3.4. Nature of the active phase/site in the composite materials

Finally, we would like to discuss the nature of the active phase
or active sites causing the ORR activity of the TaON@CN composite
catalysts, in particular the question whether one of the compo-
nents is mainly responsible for this or whether it results from an
interplay between both components. This is particularly challeng-
ing as both components, the tantalum (oxy)nitride shell [22,26]
and the nitrided carbon core [8,12,29], are known to be ORR active.
Based on the N2 sorption measurements (Fig. 6, Table 1), the
nitrided carbon core is accessible to O2 for the samples nitrided
between 700 and 1000 �C. For these samples, both components can
contribute to the ORR activity. For the TaON@CN-1150 catalyst, in
contrast, the N2 sorption measurements indicated that the carbon
core is not accessible, and in this case the remaining ORR activity
should mainly result from the shell. Consequently, the questions
raised above is reduced to the ORR behavior after nitriding
between 700 and 1000 �C. A comparative measurement of the ORR
activity of the carbons nitrided at 850 and 1000 �C (see Supporting
information: Fig. S11) shows a high ORR activity in both cases.
Considering the low ORR activity of TaON@CN-850, the contribu-
tion of the nitrided carbon core to the ORR activity of that material
must be very low. Considering further that the carbon core in that
material is easily accessible (see the high contribution of the
micropores of the nitrided carbon core in the N2 sorption
measurements in Fig. 6 and in Table 1), this indicates that the
core is much less active than in the CN-850 material. Most easily
this can be explained by a lower degree of nitriding compared to
CN-850, which would indicate that the TaOxNy shells hinder

nitriding of the carbon cores. In contrast, for the TaON@CN-1000
composite material, where the accessibility of the nitrided carbon
core is lower (see Table 1), the TaOxNy shell is likely to contribute
significantly to the relatively high overall ORR activity of these
materials, although this cannot be quantified. Hence, the TaON@CN
composite materials differ distinctly in their ORR activity from that
of the TiON@CN composites studied previously [25] in that they do
not show a direct correlation between the accessibility of the
nitrided carbon core and the ORR activity.

Main difference between the TaON@CN-850 and TaON@CN-
1000 samples is the presence of the Ta4N5 phase in the latter case,
which was exclusively found for the carbon-containing composite
after nitriding at 1000 �C and 1150 �C, but not after 700 �C or 850 �C
nitriding. Therefore, it is tempting to relate the high activity of the
TaON@CN-1000 material to the presence of this phase in close
contact to the nitrided carbon core, since the Ta4N5 phase of the
ORR inactive TaON@CN-1150 is not in direct contact with the
nitrided carbon core. The important role of the assumed ORR
activity of the Ta4N5 phase is also supported by the observation
that carbon-free TaOxNymaterials, without the Ta4N5 phase, which
did not exhibit any measurable ORR activity (supporting informa-
tion: Figs. S8 and S9). It should be noted, however, that the phase
composition of these reference materials is different from that of
the shell of the present composite materials. Our results are in
contrast to a previous report by Ota and coworkers, where they
suggested that the oxidized Ta3N5 phase is especially ORR active
[32], while in our measurements the pronounced difference in ORR
activity between the TaON@CN-850 and TaON@CN-1000 samples
could not be explained if the Ta3N5 phase is the ORR active phase.

Interestingly, Ota and coworkers found that also the Ta2O5 itself
can be ORR active if synthesized via oxidation of carbon containing
precursors like TaC [30] and Ta2CN [31]. They found that carbon
from the precursor deposited on the Ta2O5 surface, which they
suggested plays a major role for the ORR activity by creating ORR
active oxygen vacancy sites on the Ta2O5 surface [31]. Additionally,
the deposited carbon was suggested to promote the ORR activity by
providing local nanoscale conduction paths on the Ta2O5 surface
[31]. This results and ideas support also previous results of the ORR
activity of partly oxidized tantalum carbides and carbonitrides
[17,34,76]. In our work, carbon from the core might act in a similar
way under the high temperatures during nitriding. Considering
also surface re-oxidation of the resulting phase to Ta2O5 upon
contact with air, as evidenced by the XPS data in Fig. 7, this may

Fig. 13. TEM images of TaON@CN-1000 before (a, initial) and after (b, 10000 cycles) the degradation test.
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lead to surfaces comparable to those obtained by the Ota group,
affecting the ORR activity in a similar way. Thus, our results further
confirm the importance of the TaOx surface layer proposed by the
Ota group, although we contribute the ORR activity to the (carbon
doped) surface oxidized Ta4N5 phase. A more detailed description
of the interplay between core and shell components and its role in
the ORR activity of the TaON@CN composites, however, is not
possible based on the present data. This is topic of ongoing studies
in our laboratories.

4. Conclusions

Aiming at the development of highly active and stable
platinum-free catalysts for the oxygen reduction reaction in
polymer electrolyte fuel cells, we synthesized and characterized a
new composite material that combines a high ORR activity with
improved electric conductivity. Core-shell tantalum (oxy)nitri-
de@nitrided carbon composite nanoparticles were prepared by a
hydrothermal reaction of glucose to form carbon spheres and a
subsequent deposition of amorphous tantalum oxide via sol-gel
processing in a first step, followed by ammonia vapor nitriding at
different temperatures (700 �C � 1150 �C). Characterization of
structural properties and phase composition on the one side and
their electrochemical properties/ORR performance on the other
one leads to the following conclusions:

1. Sol-gel procedures applied in the synthesis of the core-shell
Ta2O5@C spheres (shell 41.75 wt.%, core 58.25 wt.% with
diameters of �314 nm) allow for a very precise design of a
homogeneous, amorphous tantalum oxide shell (�25 nm
thickness) with permeable mesopores on an accessible carbon
core.

2. Subsequent nitriding in ammonia vapor leads to the desired
TaON@CN composite spheres, with the phase composition
depending on the reaction temperature. Reaction at 700 �C
results likely in N-doped amorphous tantalum oxide. For
reaction at 850� to 1150 �C, the resulting composite spheres
(shell 64 wt.% � 54 wt.%, core 36 wt.% � 46 wt.%) consist of a
shell of decreasing thickness (22 nm � 15 nm) and a nitrided
carbon core, where the shell includes two coexistent tantalum
(oxy)nitride phases, TaON/Ta3N5 upon reaction at 850 �C, Ta3N5/
Ta4N5 after reaction at 1000 �C and Ta4N5/TaN for reaction at
1150 �C. The shell consists of an inner layer in contact to the
nitrided carbon core, which is likely to consist of the lower
tantalum (oxy)nitride (850 �C: TaON, 1000 �C: Ta4N5, 1150 �C:
TaN), and structures on top of this formed by the higher
tantalum nitride. Ta4N5 formation goes along with the forma-
tion of mesopores at 1000 �C. Upon reaction at 1150 �C, access to
the nitrided carbon core is hindered by a non-porous TaN layer.

3. Without nitriding and upon nitriding at 700 and 850 �C double
layer charging currents are very low. Increasing the nitriding
temperatures from 850 �C to 1000 �C results in a dramatic
increase of the double layer charging current densities for
TaON@CN-1000 and TaON@CN-1150. This is due to the
improved electrical conductivity of the composite materials.
TaON@CN-700 shows an additional redox reaction of the surface
at 0.6 V in both alkaline and acidic electrolytes.

4. In acidic electrolyte the ORR current densities are low for all
composite catalysts except for TaON@CN-1000, which in
addition also exhibits the by far highest ORR onset potential
of 0.7 V (current density 1.5 mA cm�2, mass activity 4,4 A g�1 at
0.4 V). Increasing the nitriding temperature to 1000 �C causes a
shift of the ORR onset in acidic electrolyte to higher potentials.
For the TaON@CN-1150 catalyst, the resulting TaN layer hinders
the nitrided carbon core to contribute to the reaction, while
showing little ORR activity itself. The improved ORR activity of

the TaON@CN-1000 catalyst is attributed to significant con-
tributions from surface oxidized Ta4N5 in close contact to the
nitrided carbon core. Accordingly, the corrosive degradation of
this phase during the stability tests leads to a significant loss in
ORR activity. The selectivity for the 4-electron pathway (water
formation) was found to be around 40% for all catalysts. In
alkaline electrolyte, the onset potentials are generally higher
than in acidic medium. The ORR exhibits a two-plateau
behavior, where the transition is accompanied by a change in
the selectivity, changing from a predominant 2-electron
reduction process in the first plateau (0.6–0.4 V) to a higher
contribution of the 4-electron mechanism (complete reduction
to H2O) for potentials below 0 V. Also here the maximum ORR
activity and selectivity are reached for TaON@CN-1000, with a
peroxide yield of about 20% and an onset potential of 0.9 V.

Overall, this work has demonstrated the feasibility of the
present synthesis strategy for developing highly active Pt-free ORR
catalysts. Further work will focus on the improvement of the
promising TaON@CN-1000 catalyst, both in terms of activity and
selectivity, and on a more detailed investigation of the origin of the
ORR activity. Finally, our data demonstrate that it is absolutely
necessary to optimize ORR catalysts not just for high ORR onset
potentials, but also for current densities, high stability and high
selectivity as well.
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Abstract
Amorphous and graphitized nitrogen-doped (N-doped) carbon spheres are investigated as structurally well-defined model systems

to gain a deeper understanding of the relationship between synthesis, structure, and their activity in the oxygen reduction reaction

(ORR). N-doped carbon spheres were synthesized by hydrothermal treatment of a glucose solution yielding carbon spheres with

sizes of 330 ± 50 nm, followed by nitrogen doping via heat treatment in ammonia atmosphere. The influence of a) varying the

nitrogen doping temperature (550–1000 °C) and b) of a catalytic graphitization prior to nitrogen doping on the carbon sphere mor-

phology, structure, elemental composition, N bonding configuration as well as porosity is investigated in detail. For the N-doped

carbon spheres, the maximum nitrogen content was found at a doping temperature of 700 °C, with a decrease of the N content for

higher temperatures. The overall nitrogen content of the graphitized N-doped carbon spheres is lower than that of the amorphous

carbon spheres, however, also the microporosity decreases strongly with graphitization. Comparison with the electrocatalytic be-

havior in the ORR shows that in addition to the N-doping, the microporosity of the materials is critical for an efficient ORR.

1

Introduction
Fuel cells and metal–air batteries are important renewable

energy technologies. Both rely on the oxygen reduction reac-

tion (ORR). The best established ORR catalysts are so far based

on Pt nanoparticles or Pt alloys. However, Pt is expensive and

its stability under fuel-cell working conditions is limited. There-

fore, alternative catalysts based on noble-metal-free, less expen-

sive and stable materials are highly needed. Metal-free carbon

materials, single- or multi-doped with N, B, P, S, halogens, Si

or Se, have turned out to be promising ORR catalysts [1-6].

N-doped carbon materials show promising ORR activities along

with high electric conductivity, in addition they can result in

further advantages such as an improved tolerance towards
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impurities compared to Pt-based catalysts [1]. A wide variety of

N-doped carbon materials is known from the literature, reaching

from N-doped graphene and graphite, N-doped carbon nano-

tubes, carbon cages, carbon cups and carbon fibers [7-10],

N-doped 3D ordered (meso)porous carbon materials [11],

N-doped carbon composites (e.g., carbon nanotubes/graphene)

[12], and N-doped carbon spheres [13,14] to graphitic-C3N4

carbon nitride composites [15].

In the present work we report results of a systematic study on

the synthesis and characterization of N-doped carbon spheres as

possible ORR catalysts. Before presenting our results, we will

briefly summarize relevant previous findings. There are two

main strategies for the synthesis of N-doped carbons: first, in

situ doping with nitrogen, employing C- and N-containing pre-

cursors directly in the synthesis of the material, which leads to

the direct formation of C–N bonds; and second, post-synthesis

N-doping via substitutional incorporation of N into the carbon

lattice of as-synthesized carbon materials with a reactive

nitrogen-containing agent. Established in situ syntheses are

chemical vapor deposition (CVD) and arc discharge methods

for N-doped graphene, graphite, and carbon nanotubes [9].

Most commonly, the post-synthetic approach is carried out by

thermal treatment of carbon in ammonia atmosphere, typically

leading to surface N-doping. A variety of N bonding configura-

tions can be formed within the carbon lattice [8], among them

the pyridinic and quarternary (also: graphitic) nitrogen bonding

configurations were assumed as origin of the ORR activity of

these N-doped carbon materials [16]. The exact nature of the

active site is controversially discussed; some researchers ascribe

the ORR activity to graphitic nitrogen sites [17-21], while

others propose pyridinic nitrogen as more important [16,22-26].

Previous results of our groups indicate that the ORR activity of

nitrided carbon is dominated by the carbon edge atoms of

micropores in graphenic structures and the electronic structure

of those atoms which is additionally modified by low-level

N-doping [26,27]. This may include both graphitic and pyri-

dinic N-doping. Kim et al. [28] suggested that both bonding

situations interconvert during the ORR and that both might be

equally important. A directed tailoring of the active sites in the

carbon material is a prerequisite for a knowledge-based optimi-

zation of the ORR activity. As reported by Lai et al. [18], this

can be achieved to a certain extent by varying the reaction tem-

perature and the utilization of different N(C) precursors.

Annealing graphene oxide (GO) in an ammonia atmosphere at

550 °C led to pyridinic N-doped graphene, while at a tempera-

ture of 850 °C graphitic nitrogen coexisted with pyridinic

nitrogen, and for higher temperatures the amount of graphitic N

increased. Annealing GO at 850 °C in the presence of polyani-

line or polypyrrole instead of ammonia resulted in pyridinic or

pyrrolic N moieties, respectively [18].

Beside the N bonding configuration, the ORR activity is

affected by the N content, the surface area (porosity) and

possibly the degree of graphitization [27]. The nitrogen content

defines, among others, the density of N sites, which influence

the ORR activity even if they are not the active ORR sites

themselves [27]. The N content depends on the amount of

nitrogen in the precursor, the N(C) precursor concentration, the

reaction temperature as well as the duration of the doping treat-

ment. During ammonia nitriding of carbon a significant increase

of the N content occurs at reaction temperatures higher than

550 °C (formation of nitriding-active species based on ammonia

decomposition), and at ca. 650 °C the maximum N content is

reached. For higher temperatures, the N content decreases

again, here the formation of C–C bonds is favored over the for-

mation of C–N bonds. At a given reaction temperature, the N

content increases with higher ammonia concentrations up to a

certain maximum, however, only a limited amount of N can be

incorporated. Exceeding this point leads to the formation of

defects causing decomposition of the carbon framework and a

decrease of the N content [29,30]. The availability of active

sites (for a certain electrochemical reaction) correlates with the

electrochemically active surface area for this reaction. For most

conventional porous carbon materials micropores contribute

significantly to the surface area, but their small pore size is

considered to only allow a limited mass transport, which might

result in a low accessibility of the active sites therein for elec-

trochemical processes. Investigations of N-doped 3D ordered

porous carbon materials showed, e.g., that a high content of

meso- and macropores is beneficial for the ORR activity [11].

Finally, a higher degree of graphitization generally leads to an

improved electrical conductivity, which should improve the

overall ORR activity. On the other hand, it may alter also the

properties of the active sites, which may be either beneficial or

disadvantageous. The degree of graphitization can be increased,

e.g., by higher reaction temperatures or catalytic graphitization

[31-33].

Previously, we had reported on core–shell titanium (oxy)nitride

and tantalum (oxy)nitride@N-doped carbon composite spheres,

which were based on a similar conducting carbon core as inves-

tigated in the present study, and their performance as ORR cata-

lysts [34,35]. For these systems, which turned out to be promis-

ing ORR catalysts, we found that nitriding the metal-oxide shell

concomitantly results in drastic structural changes and nitriding

of the carbon core. In this study we aim at gaining deeper

insights in the role of the N-doped spherical carbon core in the

ORR. We are well aware of the fact that many groups reported

the synthesis of N-doped carbon spheres and some even their

application in electrocatalysis, however, a fundamental and

detailed discussion of the changes during nitridation regarding

chemistry, structure and morphology combined with a correla-
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Figure 1: Schematic synthesis overview of amorphous N-doped carbon spheres (NCSs) and graphitized N-doped carbon spheres (g-NCSs) by

hydrothermal carbonization (HTC) of a glucose solution yielding carbon spheres that are either directly nitrided with ammonia or graphitized and then

nitrided (nitrogen atoms in the graphitic lattice are given in blue).

tion of the ORR activity for these materials has been, to our

knowledge, not provided. In this study we also added a discus-

sion on the influence of a higher degree of graphitization on the

ORR by comparison of as-synthesized and pre-graphitized

N-doped carbon spheres. We believe that the use of structurally

and chemically well-defined model systems, which necessarily

might not be as sophisticated as other reported materials, is the

proper way to gain a fundamental understanding of correlations

between structural properties and electrochemical performance.

In the following we will first give a detailed structural and

chemical analysis of the resulting materials (section 1 in

“Results and Discussion”), followed by a discussion of their

performance as ORR catalyst in electrocatalytic measurements

under controlled electrolyte transport, employing a rotating ring

disk electrode (RRDE) setup (section 2 in “Results and Discus-

sion”). We will compare the ORR performance with those of

the previously reported TiON@NCS and TaON@NCS compos-

ite materials. A more detailed account of the electrochemical

properties and of the ORR activity and mechanism is given

elsewhere [27].

Results and Discussion
1 Synthesis and structural/chemical analysis

of (graphitized) N-doped carbon spheres
Carbon spheres were synthesized by hydrothermal treatment of

a glucose solution (Figure 1), following a previously reported

approach [36]. They were either directly nitrided (nitrided car-

bon spheres, NCSs) or graphitized and then nitrided (graphi-

tized nitrided carbon spheres, g-NCSs). Heat treatments, which

are necessary for the nitridation but also for the graphitization,

were performed between 550 and 1000 °C (with steps of

150 °C).

The as-synthesized carbon particles show a well-defined spheri-

cal shape with diameters of 330 ± 50 nm and a smooth surface

(see also the scanning electron microscopy (SEM) image in

Figure 2a). Fe2O3 particles, as graphitization catalyst, are

loaded successfully on pre-carbonized carbon spheres; yet there

are domains of higher or lower loadings. After nitriding with

ammonia, g-NCS-550, g-NCS-700 and all samples of the NCS

series still show a spherical shape with a smooth surface

(Figure 2b and Figure 2c show, respectively, NCS-550 and

NCS-1000 as examples). No remaining catalyst particles are ob-

served for the graphitized samples via energy dispersive X-ray

spectroscopy (EDX) and X-ray photoelectron spectroscopy

(XPS). However, we cannot fully exclude small amounts of

residual iron in the graphitized catalysts below the detection

limit of XPS (about 0.2 atom %) and EDX (about 0.1 wt %).

TEM images (Figure 3a–d) reveal no highly ordered domains

(e.g., graphene layers) of the said N-doped carbon spheres,

which is in good agreement with the results of the X-ray

diffraction measurements (XRD, Figure 4), confirming an

amorphous carbon structure for all particles mentioned so far.

Upon catalytic graphitization of g-NCS-850 and g-NCS-1000,

the smooth surface becomes texturized or perforated as seen in

the SEM images (cf. Figure 2d,e), and the spheres partially

erode. This can be explained as a result of catalytic graphitiza-

tion, for which the following mechanism was proposed by

Nettelroth et al. [32]: The catalyst particles carve themselves

into the underlying carbon atom structure by a redox reaction,

leading to a partial gasification and rearrangement of the car-

bon atoms. Due to the inhomogeneous distribution of the Fe2O3

catalyst particles (Figure 2a), g-NCS-850 and g-NCS-1000

(Figure 3g,h) show a varying degree of perforation and erosion.

Within these spheres, fibrous structures probably consisting of
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Figure 2: SEM images of (a) the carbon spheres with Fe2O3 before

acid treatment, (b, c) the different non-graphitized and (d, e) the

graphitized carbon spheres.

graphitic carbon are formed with a thickness of 7–9 nm, as

detected by transmission electron microscopy (TEM). The ob-

served thickness matches very well with the average stacking

thickness of the graphite layers Lc determined by X-ray diffrac-

tion measurements. Similar observation was made by Liu et al.

for carbon spheres that were synthesized by hydrothermal treat-

ment of a sucrose solution and subsequently graphitized in the

presence of nickel-oxide particles. High-resolution TEM

(HRTEM) images of the resulting particles showed that the

graphite layers are arranged along the longitudinal axis of the

fibers [37]. After the acidic washing process, neither XPS nor

EDX showed, for g-NCS-850 and g-NCS-1000, Fe or Fe3C par-

ticles within the spheres, which are commonly found for the

Fe-based catalytic graphitization of carbon [38]. Hence, under

these conditions acid leaching is sufficient to fully remove the

metal catalyst. For both sample series, NCS and g-NCS, the

particle diameter decreases compared to the initial diameter of

the as-synthesized carbon spheres (NCS-550 = 260 ± 35 nm,

NCS-1000 = 240 ± 30 nm; g-NCS-550 = 255 ± 35 nm,

g-NCS-1000 = 220 ± 30 nm). This is due to the carbonization

and decomposition processes taking place at higher reaction

temperatures, together with H2 etching as side reaction of the

ammonia nitriding [34].

The elemental bulk composition of the NCSs and g-NCSs, de-

termined by CHN analyses (supported by EDX measurements,

Figure 3: TEM images of (a–d) the NCS catalysts and (e–h) the

g-NCS catalysts. The TEM images in (a–d) are reprinted with permis-

sion from [27], copyright 2019 Elsevier.

e.g., absence of Fe), as well as the elemental surface composi-

tion and N bonding configurations, determined by XPS mea-

surements, are given in Table 1 and Table 2. As expected the

samples are made up of a carbon matrix including O- and

H-based functional groups [39]. Subsequent N-doping of the

carbon lattice results in multiple nitrogen bonding configura-

tions (Table 2). Possible Fe contaminations of the g-NCS sam-

ples originating from the Fe2O3 graphitization catalyst are

below the detection limit of the EDX and XPS measurements.

The carbonization process of the carbon spheres involves the

decomposition of the functional groups to gases such as CO2,

H2O and CH4 [39]. Therefore, the carbon weight fraction of the
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Figure 4: X-ray diffraction patterns of the NCS and g-NCS catalyst

series.

elemental bulk composition increases constantly with higher

reaction temperatures, whereas the hydrogen and oxygen

contents decrease. The gasification process leads to a lower

residual mass, and explains in part the shrinkage of the carbon

spheres, as investigated in more depth in our former work [34].

NCS-550 and g-NCS-550 show a bulk N-content of 1.3 wt %

and 1.8 wt %, respectively, and the maximum N content is

reached for NCS-700 (4.3 wt %) and g-NCS-700 (3.5 wt %).

With higher reaction temperatures, the N content of the NCS

samples decreases to ca. 1.0 wt %, and even more for the

g-NCS samples with a value of only 0.3 wt %. This develop-

ment is typical for substitutional N-doping of carbon materials

by a post-synthetic heat treatment in ammonia atmosphere (see

the review by Daems and co-workers [7]). The direct compari-

son of the N content of NCS-850 and NCS-1000 with the

g-NCS-850 and g-NCS-1000 spheres reveals that substitutional

N-doping of the amorphous carbon matrix is easier than that of

the graphitic one.

Table 1: Elemental bulk composition determined by CHN analyses

(supported by SEM/EDX measurements).

sample elemental bulk composition

C / wt % H / wt % N / wt % O / wt %

NCS-550 88.3 2.1 1.3 8.3

NCS-700 89.8 1.0 4.3 4.9

NCS-850 95.1 0.7 1.1 3.1

NCS-1000 94.9 0.4 0.9 3.8

g-NCS-550 89.6 1.9 1.8 6.7

g-NCS-700 91.0 1.0 3.5 4.5

g-NCS-850 96.9 0.2 0.3 2.6

g-NCS-1000 97.0 0.2 0.3 2.5

The elemental surface composition measured by XPS is similar

to the overall elemental composition (CHN analysis), which in-

dicates a homogeneous N-doping of the carbon material. In

agreement with the data from elemental analysis, XPS shows

the largest amount of N for NCS-700 and g-NCS-700, followed

by a strong decrease of the N surface content for (g-)NCS-850

and (g-)NCS-1000. The most plausible bonding configuration

of N on the surface is shown in Figure 5. The XPS

measurements detect pyridinic N at ca. 398.6 eV, pyrrolic N at

ca. 400.1 eV and graphitic N at ca. 401.6 eV on the catalyst sur-

face, whereas no oxidic N could be found at 403–404 eV

[15,39,40].

Figure 5: XPS data. Top: N configuration of the NCS and g-NCS cata-

lysts; below: XPS spectra of N 1s region for all catalysts with fitted

signals indicating contributions from graphitic, pyrrolic and pyridinic N;

the XPS spectra of NCS-1000, NCS-850, NCS-700 and NCS-550 are

reprinted with permission from [27], copyright 2019 Elsevier.

NCS spheres that were nitrided at 550 and 700 °C show high

fractions of pyridinic and pyrrolic nitrogen atoms. These

contents decrease at higher temperatures in favor of an increase

of the graphitic N share, reaching around 50% for NCS-1000. A

similar trend is found for the N-doped/nitrided graphitized car-

bon spheres, which show a higher content of graphitic N for the

samples treated at 850 °C and 1000 °C, while mainly the

amount of pyrrolic N decreases slightly. Here we want to
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Table 2: Elemental surface composition and share of different N bonding configurations determined by XPS measurements.

sample elemental surface composition N bonding configuration

C / wt % N / wt % O / wt % pyridinic N / wt % pyrrolic N / wt % graphitic N / wt %

NCS-550 90.27 0.99 8.74 0.41 0.47 0.11

NCS-700 90.25 2.90 6.85 1.22 1.29 0.38

NCS-850 91.66 0.87 7.47 0.37a 0.29a 0.21a

NCS-1000 92.09 0.59 7.32 0.14a 0.18a 0.27a

g-NCS-550 89.43 1.72 8.85 0.69 0.86 0.16

g-NCS-700 90.57 2.52 6.91 1.18 1.08 0.25

g-NCS-850 95.52 0.34 4.14 0.10a 0.06a 0.17a

g-NCS-1000 95.82 0.29 3.89 0.10a 0.09a 0.09a

aQuite large relative deviations are possible for the catalysts nitrided at 850 and 1000 °C due to the low N content yielding a noisy N 1s signal.

mention that the N 1s signal of the catalysts nitrided at high

temperatures is rather noisy, which results in a larger error

when evaluating the quantitative amounts of each N configura-

tion. This does not change, however, the trends resulting from

the XPS data discussed later.

Focusing on structural aspects, the NCS series, g-NCS-550 and

g-NCS-700 samples exhibit XRD patterns characterized by very

broad reflections at 2θ values of around 22.5° and 43°, which is

typical for amorphous carbon (Figure 4). Obviously, the

minimum temperature required for the catalytic graphitization

has not been reached for g-NCS-550 and g-NCS-700. This is

different for g-NCS-850 and g-NCS-1000, where successful

catalytic graphitization is proven by reflections at 26.16° (inter-

planar distance: d002 = 0.340 nm) and 26.27° (d002 = 0.339 nm),

respectively, corresponding to the (002) crystal planes of graph-

ite. Applying the Scherrer equation gives an average stacking

thickness of the graphite layers Lc of 7.6 and 8.6 nm, respec-

tively, which matches very well to the thickness of the carbon

fibers as detected in the TEM images. The degree of graphitiza-

tion, g, is calculated using the interplanar distance d002:

g = (0.344 nm – d002)/(0.344 nm – 0.3354 nm), with 0.344 nm

for the interplanar distance in carbon with a turbostratic struc-

ture, and 0.3354 nm for the interplanar distance in a defect-free

single crystal of graphite [41,42]. For g-NCS-850 and g-NCS-

1000, g values of 0.43 and 0.59 were calculated, respectively.

The reflections at 41.2° and 43.6° are associated to the (100)

and (101) crystal planes of the graphite lattice.

All Raman spectra (Figure 6 and Table 3) of the N-doped car-

bon spheres show two bands at ca. 1350 cm−1 (D band) and

ca. 1600 cm−1 (G band). The G band is due to the E2g in-plane

vibration mode of the graphite lattice and hence assigned to the

sp2-hybridized carbon atoms inside the graphite layers; the

D band is associated to the A1g in-plane breathing vibration

mode occurring at the edges of sp2-hybridized carbon domains,

which appear for structural defects and disordered structures. A

Figure 6: Raman spectra of the NCS and g-NCS catalysts (the x-axis

represents the Raman shift relative to the excitation laser wavelength

given in cm−1).

relative degree of graphitization can be evaluated by the ratio

between the band areas, AD/AG; the higher the ratio, the more

disordered the carbon material [43-45]. We assume that with

higher reaction temperatures the amorphous NCS samples

become more ordered through rearrangement to turbostratic-

type carbon, indicated by a declining AD/AG ratio (2.7 to 1.9)

and a simultaneously decreasing full width at half maximum

(FWHM) of the D band. As a result of the structural change

from amorphous (disordered) to more graphitic carbon, the

AD/AG ratio of g-NCS-850 (1.2) and g-NCS-1000 (1.0) as well

as the FWHM of the D band drop significantly. In addition, the

D* band (also named 2D or G′ band) at ca. 2700 cm−1 is ob-

served as an overtone of the D band, which has the shape we

observe for g-NCS-850 and g-NCS-1000, with a shoulder at

around 2680 cm−1, typically obtained for ordered and disor-

dered graphite [46,47]. The assignment of the low-intensity
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Table 3: Position and ratio of the band areas AD/AG and full width at half maximum of the carbon D- and G-bands in the Raman spectra.

sample position (D) / cm−1 position (G) / cm−1 AD/AG FWHM (D) / cm−1 FWHM (G) / cm−1

NCS-550 1348 1598 2.67 303 78

NCS-700 1338 1602 2.75 267 92

NCS-850 1347 1601 2.54 235 90

NCS-1000 1349 1601 1.87 188 102

g-NCS-550 1345 1600 2.63 285 80

g-NCS-700 1339 1601 2.76 266 92

g-NCS-850 1345 1586 1.24 104 85

g-NCS-1000 1347 1581 1.04 89 71

Figure 7: N2 sorption isotherms of the (a) NCS and (b) g-NCS catalyst series.

bands at, e.g., ca. 860 cm−1 and ca. 2440 cm−1 is described in

detail by Kawashima and Dresselhaus and co-workers [46,48].

Higher N contents result in more defects of the carbon lattice

and lead to an increase of the AD/AG ratio. Accordingly, NCS-

700 and g-NCS-700, which exhibit the highest N content, show

the highest AD/AG ratios. For (amorphous) non-doped carbon

the G band is located at ca. 1575 cm−1. N-doping shifts the

G band to higher wavenumbers [49]. This is seen, e.g., for the

NCS samples as well for g-NCS-550 and g-NCS-700 with a po-

sition of the G band at ca. 1600 cm−1. As the N content lowers

for g-NCS-850 and g-NCS-1000 the G band shifts back to

1586 cm−1 and 1581 cm−1, respectively.

The NCS samples are highly microporous, which is indicated

by the measured type-I N2 sorption isotherms (Figure 7),

combined with a low external surface area compared to the spe-

cific surface area (Table 4). The micropore surface area in-

creases with higher reaction temperatures from 485 to

742 m2·g−1, whereas the external surface area is relatively con-

stant (34–42 m2·g−1), leading to specific surface areas of

527 m2·g−1 for NCS-550 to 776 m2·g−1 for NCS-1000. The for-

mation of micropores is mainly caused by the loss of oxygen,

hydrogen and carbon atoms due to gasification and the arrange-

ment to turbostratic-type carbon after heat treatment, as de-

scribed in more detail in our former publication [36]. The

g-NCS samples of lower reaction temperatures (g-NCS-550 and

g-NCS-700) are very similar to their NCS counterparts

regarding porosity and surface areas. With the onset of graphiti-

zation, however, the g-NCS-850 and g-NCS-1000 samples

develop a distinct mesoporosity (type-IV isotherms and a H2

hysteresis loop, Figure 7), concomitant with a loss of micropo-

rosity of about 66%. The formation of mesopores can be ex-

plained by the perforation and erosion of the graphitized

N-doped carbon spheres (Figure 2). The micropore system, lo-

cated within the amorphous carbon, is partially lost with the re-

arrangement to a more ordered graphitic structure of the carbon

lattice. The drastic decrease of the micropore surface area leads

to lower specific surface areas of 206 m2·g−1 for g-NCS-850

and 182 m2·g−1 for g-NCS-1000 compared to the non-graphi-

tized analogues, NCS-850 (682 m2·g−1) and NCS-1000
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Table 4: Specific surface area (SSA), external surface area (ESA), micropore surface area (MPSA) and micropore volume (MPV) measured via N2

sorption [SSA = ESA + MPSA].

sample N2 sorption

SSA / m2·g−1 ESA / m2·g−1 MPSA / m2·g−1 MPV / cm3·g−1

NCS-550 527 42 485 0.19

NCS-700 575 39 536 0.21

NCS-850 682 38 644 0.25

NCS-1000 776 34 742 0.28

g-NCS-550 503 39 464 0.18

g-NCS-700 493 50 443 0.17

g-NCS-850 206 168 38 0.02

g-NCS-1000 182 129 53 0.02

(776 m2·g−1) (Table 4). For both sample series, NCS and

g-NCS, an increase of the adsorbed volume is observed for

higher p/p0 values, which can be correlated to the presence of

interstitial macropores between agglomerated spheres.

In summary, all N-doped carbon spheres of the NCS series,

g-NCS-550, and g-NCS-700 are amorphous presumably with

only local graphenic structures. A structural change to graphitic

carbon is observed for g-NCS-850 and g-NCS-1000. Amor-

phous carbon spheres show a smooth surface and distinct

microporosity; upon graphitization the surface becomes

partially perforated or eroded creating a mesoporous system.

For both sample series, NCS and g-NCS, the C content in-

creases while the amount of O and H decreases with higher

reaction temperatures. The N content has its maximum for (g)-

NCS-700; graphitic carbon spheres reveal a lower N content

than their amorphous equivalents. Pyridinic, pyrrolic and

graphitic N bonding configurations are observed for all sam-

ples; here the percentage of the latter increases with higher

reaction temperatures.

2 Electrochemical and electrocatalytic results
The electrocatalytic ORR activities of the amorphous and

graphitized N-doped carbon materials in acidic electrolyte

(0.5 M H2SO4) are compiled in Figure 8, showing (Figure 8a,d)

the ORR current densities, (Figure 8b,e) the ring current densi-

ties and (Figure 8c,f) the hydrogen peroxide yield. First of all,

the data indicate that the carbon NCS-550 spheres are essen-

tially inactive, while with higher nitriding temperatures the

NCS samples are significantly more active. For the NCS-550

sample, this inactivity is at least partly due to its high electric

resistance determined in resistance measurements (Table 5). For

all catalysts nitrided at temperatures above 550 °C, which show

a rather low electric resistance (Table 5), conductivity effects

can be neglected. We had seen earlier that the trends with in-

creasing nitridation temperature for the ORR in acidic and alka-

line media are identical and only the overpotentials are lower in

the latter case. Therefore, we focussed in this study on acidic

electrolytes.

Going to higher nitriding temperatures the onset potential (the

potential at 0.1 mA·cm−2; Table 6) increases with temperature.

The most active sample, the NCS-1000 sample, shows an onset

potential of about 0.75 V, which is, however, still more than

200 mV below that of the commercial Pt/C catalyst. Another

important aspect of the N-doped carbon spheres is that the cur-

rent increase with overpotential is much slower than for the

Pt/C catalyst. These catalysts do not reach the transport-limited

current indicated by the Pt/C catalyst; in fact, they do not seem

to reach a constant current at all, indicating that kinetic limita-

tions are active up to very high overpotentials.

Correlating the trend in the ORR activity, as indicated by the

ORR onset potential (Table 6) and the current density, with the

N content of the surfaces (Table 2) for the non-graphitized cata-

lysts, we would expect the highest ORR activity for NCS-700,

since here the amount of surface N is largest for each bonding

configuration. The data in Figure 8a show, however, a different

trend, with the ORR activities of the NCS catalysts growing

with increasing nitriding temperature. Hence, there is no direct

correlation between the N surface content and the ORR activity

of the catalysts, as shown in Figure 9. However, with increas-

ing nitriding temperature, the microporosity increases strongly

(Figure 9) and additionally we found a slight increase of the

amount of graphenic structures in the catalysts, as indicated by

the peak narrowing in the XRD patterns and the decreasing

AD/AG ratio in the Raman signals. These structural changes may

explain the increase of the ORR activity with higher nitriding

temperatures, since previous calculations indicated that the

ORR activity of the nitrided carbon catalysts results from the

carbon edge atoms of micropores in low-level N-doped

(graphitic and pyridinic N) graphene structures [24,26]. Thus,

higher nitriding temperatures result in an increase of the pro-

posed ORR active structures for the NCS catalysts. The amount
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Figure 8: ORR measurements (cyclic voltammograms). (a) ORR disc current densities of the NCS catalysts and Pt/C, (b) ring current densities of the

NCS catalysts, (c) hydrogen peroxide yield of the NCS catalysts, (d) ORR disc current densities of the g-NCS catalysts and Pt/C, (e) ring current

densities of the g-NCS catalysts and (f) hydrogen peroxide yield of the g-NCS catalysts, 1600 rpm, 0.5 M H2SO4, 10 mV·s−1.

Table 5: Resistance of the catalyst films of NCS and g-NCS (without

catalyst film: 2 Ω).

sample 550 700 850 1000

NCS 3·106 ± 1·104 Ω 12 ± 4 Ω 5 ± 2 Ω 3 ± 2 Ω

g-NCS 3·104 ± 4·103 Ω 22 ± 5 Ω 7 ± 4 Ω 5 ± 2 Ω

Table 6: ORR onset potentials (potential value at 0.1 mA·cm−2) of the

NCS and g-NCS catalysts in the ORR measurements in Figure 8.

sample ORR onset potential / V

NCS-550 0.50

NCS-700 0.65

NCS-850 0.70

NCS-1000 0.75

g-NCS-550 0.55

g-NCS-700 0.65

g-NCS-850 0.50

g-NCS-1000 0.50

Figure 9: ORR onset potential (potential value at 0.1 mA·cm−2) as a

function of the micropore surface area (MPSA) and N surface concen-

tration (XPS) for the NCS catalysts.

of pyridinic sites, which is often correlated with the ORR activi-

ty of nitrided carbon materials [16,22-25], is highest for the

NCS-700 catalyst and decreases with higher nitriding tempera-
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tures. This is opposite to the trend of the ORR activity, which

increases with nitriding temperature (Table 2). Similar, also the

concentration of pyrrolic nitrogen sites decreases with increas-

ing nitridation temperature, while the amount of graphitic N,

which is sometimes also reported to be correlated with the ORR

activity [17-21], is only slightly lower for nitriding at 1000 °C

compared to nitriding at 700 °C. Hence, none of these different

nitrogen configurations can simply explain the trend in the ORR

activity. This agrees with the results of DFT-based calculations

of a comparable model system, which showed that the active

sites are not the N-sites themselves but rather carbon atoms at

edge sites of pores in N-doped graphenic layers [26]. These

calculations showed that too high amounts of N-doping and

thus of graphitic N-sites can impair the ORR activity, in agree-

ment with our observation that there is no simple correlation be-

tween the concentration of graphenic sites and the ORR activi-

ty. Instead, we suggest that for the catalysts presented here the

changes in the ORR activity are mainly caused by the structural

changes, in particular by the microporosity, which increases

drastically with increasing nitriding temperature, rather than by

the changes in the content of specific nitrogen configurations.

Moving on to the graphitized g-NCS catalysts, the trend for the

ORR activities is different (Figure 8, Table 6). For the graphi-

tized samples, the differences between the ORR activities at dif-

ferent nitriding temperatures are significantly smaller. The

g-NCS-550 catalyst also suffers from a high ohmic resistance of

the catalyst film, which, however, is two decades lower than

that of NCS-550. Accordingly, the g-NCS-550 sample is signif-

icantly more active than the NCS-550 catalyst. The g-NCS-700

and NCS-700 samples show about the same ORR activity, and

for nitriding temperatures above 700 °C, the ORR activities are

lower again and clearly below those of the corresponding NCS

samples.

The higher ORR current for the g-NCS-550 catalyst compared

to NCS-550 can be caused by the higher N content of the

g-NCS-550 catalyst, but also by the lower ohmic resistance of

the catalyst film (Table 5). Since the g-NCS-700 catalyst shows

no graphitization of the carbon (see section 1 in “Results and

Discussion”) and also otherwise closely resembles the NCS-700

material (similar N-configuration, N content, SSA/ESA, and

microporosity), it is not astonishing that these two materials

show comparable ORR activities (Figure 8a,d). Additionally,

this result also strongly supports our claim that the acidic

washing of the graphitized catalysts is able to largely remove

the iron, since otherwise one would expect an increased ORR

activity of the g-NCS-700 material. Similar to the NCS-850 and

NCS-1000 samples, also for the g-NCS-850 and g-NCS-1000

catalysts the N content decreases significantly for every N con-

figuration with higher nitriding temperatures. The decrease is,

Figure 10: ORR onset potential (potential value at 0.1 mA·cm−2) as a

function of the nitriding temperature of NCS, g-NCS, TiON@NCS [33]

and TaON@NCS [35].

however, more pronounced for the graphitized samples. Our

previous suggestion that the ORR activity is related to carbon

edge atoms at micropore structures in low-level N-doped

graphene structures [24] can explain the decrease of the ORR

activity of the g-NCS-850 and g-NCS-1000 samples compared

with the non-graphitized counterparts, since the amount of

micropores is drastically lower after graphitization (g-NCS-850

and g-NCS-1000). Overall, it seems that at higher temperatures

(850 °C and above) the graphitization process has a negative

impact on the ORR activity of the carbon spheres because of the

decrease of the number of micropores, and thus of ORR active

defect sites.

Finally, considering the selectivity for the 4-electron reaction

pathway to H2O, which is highly important for technical appli-

cations (Figure 8), we find that at potentials below 0.6 V the

NCS-1000 catalyst, the best ORR catalyst in this series, has

H2O2 yields between 10% and 20%, whereas the other cata-

lysts show values between 20% and 40%. Regardless of that

difference, the values are several times higher than the H2O2

yields obtained for commercial Pt-based catalysts (Figure 8).

Hence, for technical applications in conventional PEMFCs, it is

not only necessary to further improve the activity of nitrided

carbon catalysts, but in particular also the selectivity for H2O

formation. The trend of higher H2O2 yields at higher overpoten-

tials furthermore clearly demonstrates that the slow increase of

the measured current densities towards the transport limited

current cannot result from a transition from a 2-electron path-

way to a 4-electron pathway with increasing overpotential.

The N-doped carbon spheres investigated in the present study

were previously used as conducting carbon cores for composite

catalysts (summary of the results in Figure 10), where they were

covered by a layer of N-doped TiO2 (TiON@NCS) [34] or
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N-doped TaxOy (TaON@NCS) [33]. The covering was

supposed to serve two purposes, first, to yield ORR activity

and, second, to protect the (nitrided) carbon core against corro-

sion. In this study we used the same procedure for N-doping as

applied in the present work, which resulted not only in doping

of the oxide shell, but also of the carbon core. It was not clear,

whether the significant ORR activity of these composite materi-

als is due to the oxynitride shell or perhaps predominantly

caused by the nitrided carbon cores. Further insight shall be

given by the present study. However, one has to keep in mind,

that a quantitative comparison will not be possible. We do not

expect nitridation to give the exact same results with and with-

out the presence of an oxide shell due to accessibility and diffu-

sion limitations.

For TiON@NCS [34] we found, in general, similar ORR char-

acteristics as in the present study, with a significantly lower

slope of the kinetic ORR current densities in the onset potential

range than for Pt/C. In addition, a purely transport-limited

region was not reached. In this case the most active sample was

that obtained upon nitriding at 850 °C, with an ORR onset at

about 0.8 V, in contrast to the best NCS-1000 catalyst, for

which an only slighly lower ORR activity was found after

nitriding at 1000 °C (Figure 10). Nitriding at 1000 °C led to

lower activities for the composite materials, with an ORR onset

at about 0.6 V. For the TiON@NCS samples this can be ex-

plained by the structural development of the oxynitride shell

upon nitridation. For TiON@NCS-1000 the SSA and MPSA

values were lower than for TiON@NCS-850; for the latter one

a pronounced mesopore formation of the TiON shell resulted in

a better accessibility of the N-doped carbon core in the electro-

chemical studies, which also resulted in a better performance.

For the NCS samples only the microporous character becomes

more pronounced with increasing nitriding temperature. Hence,

the ORR performance cannot be assumed to be identical in both

cases, even if it were dominated only by the carbon core. There-

fore, a simple quantification of the effect of the shell on the

ORR performance is not possible. Nevertheless, it is clear from

this comparison that the oxynitride shell does not lead to a

general improvement of the ORR performance of the nitrided

carbon spheres. This is true also for the H2O2 yields, which

tend to be similar if not higher on the TiON@NCS composite

catalysts (20–40%) than on the nitrided carbon spheres.

A similar comparison with the TaON@NCS catalyst [33] shows

even more distinct differences (Figure 10). For these composite

materials we found a clear ORR activity only after nitriding at

1000 °C. Only the sample TaON@NCS-1000 exhibited a meso-

porous shell, thus improving access to the N-doped carbon core.

The resulting TaON@NCS-1000 catalyst features a rather simi-

lar onset (0.7 V) as the NCS-1000 sample, and similar j–E char-

acteristics, but somewhat lower current densities. However, for

these composites the differences in porosity/surface area be-

tween the oxynitride covered spheres and the pure nitrided car-

bon spheres are even more pronounced, with substantially lower

surface areas for the TaON@NCS catalysts. Hence, in these

cases direct comparison of the ORR performance after similar

nitriding temperatures is even less possible. Nevertheless, for

nitriding temperatures above and below 1000 °C, the TaON

layer seems to block the ORR activity of the nitrided carbon

cores very likely due to the lack of the permeable mesoporous

shell. Also when comparing the H2O2  yields of the

TaON@NCS composites [33], we find no advantage of the

composite catalysts since the hydrogen peroxide yields are

around 40% for all catalysts, which is higher than the values ob-

tained for the pure nitrided carbon spheres (mostly around

20%).

Overall, the present findings underline that the metal

(oxy)nitride shell of the composite catalysts does not lead to a

general improvement of their ORR performance. Within the

present series of catalysts, the non-graphitized carbon spheres

nitrided at 1000 °C are the most suitable Pt-free ORR catalysts.

Further work is needed, however, to improve the relative high

peroxide yields obtained so far.

Conclusion
The N-doped carbon spheres (NCS) synthesized in the present

work are characterized by a well-defined spherical shape and

smooth surface. Originating from glucose, the carbon matrix of

the spheres initially contains oxygen- and hydrogen-based func-

tional groups. The N content (pyridinic, pyrrolic and graphitic

bonding configurations) has its maximum after nitriding at

700 °C. The carbon structure is amorphous as proven by XRD

and TEM measurements, with an increasing tendency to turbo-

stratic-type carbon with higher reaction temperatures.

Graphitized carbon spheres were synthesized with the aid of an

iron oxide catalyst at the respective nitriding temperature. For

g-NCS-550 and g-NCS-700 materials, the minimum tempera-

ture required for the catalytic graphitization is not reached yet,

therefore their properties are almost equal to those of the amor-

phous NCS counterparts. Graphitization at higher temperatures

leads to the formation of mesopores, combined with the loss of

the micropore system. Within the spheres clew-like strings are

observed, their thickness matches the average stacking

thickness of the graphite layers Lc leading to the conclusion,

that the graphite layers are arranged along the longitudinal axis

of the strings. The N content of the g-NCS catalysts is lower

compared to the NCS samples. This ultimately results in

a less efficient substitutional N-doping for graphitized carbon

spheres.
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The nitrided amorphous carbon spheres show a high ORR activ-

ity when nitrided at high temperatures (1000 °C), which, how-

ever, resulted in the lowest N content for all three N configura-

tions of all NCS catalysts. We attribute the high ORR activity

of this catalyst to the large amount of micropores (ORR-active

C edge atoms) in low-level N-doped graphenic structures. The

graphitization (g-NCS) seems to hinder the ORR activity even

after high nitriding temperatures, because of the strong de-

crease of the micropores compared to the non-graphitized cata-

lysts. In that picture the ORR activity is not associated directly

to one of the N sites, but strongly depends on the amount of

defect sites and thus on the microporosity/graphitization of the

carbon surface, in combination with a low N-doping. These

correlations between structure and ORR activity can be used to

further improve the catalytic activity of N-doped carbon cata-

lysts towards the ORR.

Experimental
Chemicals
All chemicals were purchased from commercial suppliers and

were used without further purification unless stated otherwise:

Glucose (Amresco, 98%), ethanol (VWR, 99.5%), iron(III)

nitrate anhydrous (Sigma-Aldrich, 99.9%), hydrochloric acid

(Merck Emsure, 37%), argon (Air Liquide, 99.99%), and

ammonia (Air Liquide, 99.9%).

Synthesis of (graphitized) N-doped carbon

spheres
The synthesis of the nitrided carbon spheres (NCS) was analo-

gous to the procedure in our previous publications [27,34]. Car-

bon spheres were synthesized by hydrothermal treatment of a

0.75 M glucose solution in aqua dest. (165 mL) at 165 °C for

10.5 h. The resulting spherical carbon particles were washed

three times with 200 mL aqua dest. and ethanol each,

centrifuged and dried [36].

Synthesis of N-doped carbon spheres (NCS): The as-synthe-

sized carbon spheres were carbonized under argon atmosphere

in a tube furnace (V = 12 L) for 4 h (heating rate 5 °C·min−1) at

different temperatures, between 550 and 1000 °C with steps of

150 °C, followed by N-doping in an ammonia atmosphere

(3 NL·h−1), holding the individual carbonization temperature of

each sample for 1 h. Cooling to room temperature was per-

formed in an argon flow.

Synthesis of graphitized N-doped carbon spheres (g-NCS):

As-synthesized carbon spheres were pre-carbonized in argon at-

mosphere for 1 h (heating rate 5 °C·min−1) at 550 °C. A solu-

tion of 5.05 g iron(III) nitrate in 50 mL aqua dest. was added to

2.5 g pre-carbonized carbon spheres and stirred for 24 h, fol-

lowed by refluxing for 5 h at 100 °C and subsequent filtration

and drying. Catalytic graphitization was carried out by

annealing at different temperatures, between 550 and 1000 °C

with steps of 150 °C, in argon atmosphere for 4 h (heating rate

5 °C·min−1). Iron catalyst particles were removed by acid

leaching with 2 M hydrochloric acid, followed by filtration,

washing with aqua dest. to a neutral pH value and drying [32].

N-doping was realized in the same way as described for the

NCS sample series; thereby the N-doping temperature is set to

the same temperature as used for the catalytic graphitization of

the given sample.

In the following, N-doped carbon spheres are labeled as NCS

and graphitized N-doped carbon spheres as g-NCS. The num-

ber added to those labels represents the reaction temperature.

Characterization of (graphitized) N-doped

carbon spheres
Scanning electron microscopy (SEM) images were recorded

with a field-emission scanning electron microscope (FE-SEM,

Zeiss Ultra Plus) at 10 to 12 keV beam energy. For imaging, the

samples were deposited on a conducting carbon film. Energy-

dispersive X-ray spectroscopy (EDX) measurements were per-

formed on the same FE-SEM with an EDX large-area silicon-

drift detector (Oxford X-Max 50), using an accelerating voltage

of 15 kV with a counting time of 5 min per spot. Bright-field

transmission electron microscopy (BF-TEM) images were taken

with a JEOL1400 instrument equipped with a CCD camera. For

sample preparation, a droplet of ethanol containing the

dispersed sample powder (ca. 1 mg·mL−1) was deposited on a

carbonized Cu grid (Plano, Mesh 300), followed by evapora-

tion of ethanol. For CHN elemental analysis, a Vario MICRO

cube instrument (Elementar Analysensysteme GmbH) was

used, the thermal decomposition temperature was 1000 °C in

air. XPS measurements were performed in a Physical Elec-

tronics PHI 5800 Multi ESCA system at an emission angle of

45° and a pass energy of 29.35 eV (detail spectra), applying

monochromatic Al Kα radiation (250 W, 13 kV). The thin-layer

samples used for these measurements were prepared by

depositing and drying 20 μL of an aqueous catalyst suspension

on a silicon wafer, which was pre-cleaned by sequential rinsing

in ultrapure water (MilliQ), 1 M KOH solution, and conc.

H2SO4. By using silicon wafers instead of a carbon-containing

support, we minimized contributions from the support to the

C 1s signal of the carbon-containing catalyst film. The spectra

showed minor charging effects, which were compensated by a

neutralizer (low-energy electron flood gun). The C 1s peak was

set to 284.8 eV for binding energy calibration [50]. Evaluation

and deconvolution of the measured signals (Shirley back-

ground; peak shape: 70% Gaussian/30% Lorentzian) was

carried out using the CasaXPS software package. X-ray diffrac-

tion (XRD) measurements were performed using a Bruker D8
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Advance instrument (Bruker Karlsruhe), employing Cu Kα ra-

diation (λ = 0.154 nm) in a 2θ range of 5° to 80° (0.02° continu-

ous mode, 0.5 s per step). Porosity and specific surface area

were determined by N2 sorption measurements on a Micro-

meritics ASAP 2420 instrument (Micromeritics) in a relative

pressure range of p/p0 between 4 × 10−6 and 0.99 and a temper-

ature of −196 °C. The specific surface area was calculated by

the method of Brunauer, Emmett, and Teller in a relative pres-

sure range of p/p0 0.01 to 0.3. The ratio of micropore surface

area to external surface area was calculated by the t-plot method

(thickness curve: carbon black STSA, fitted thickness range:

0.4–0.6 nm). Raman spectroscopy measurements were per-

formed by a Thermo DXR Raman microscope (Thermo,

Madison) with a confocal microscope BX41 (Olympus Corp.).

The diameter of the laser spot was approximately 2.5 µm (10×

microscope objective, NA = 0.25), the laser power was 1 mW at

532 nm, the spectra were collected from 100 to 3700 cm−1 with

a spectral resolution of 5 cm−1 (50 µm slit-like pinhole) with an

exposure time of 5 s (10 accumulations).

Electrode preparation and electrochemical

measurements
The catalyst thin-film electrode (catalyst loading of

0.285 mg·cm−2 for Pt-free catalyst, 140 μg·cm−2 loading

(Pt loading: 28 μg·cm−2) for the 20 wt % Pt/C E-Tek reference

catalyst) was prepared by pipetting an aqueous suspension of

the synthesized materials (20 µL of a 4 mg·mL−1 suspension;

Millipore MilliQ, 18.2 MΩ·cm) onto a mirror-polished glassy

carbon (GC) disc (Sigradur G from Hochtemperatur Werk-

stoffe, d = 6 mm), followed by subsequent drying under a N2

stream. With these loadings we could form homogeneous, thin

and stable catalyst layers on the electrode. The resulting film

was covered with the same volume of a 1 wt % aqueous Nafion

solution and dried again to ensure the mechanical stability of

the catalyst layer on the glassy carbon without creating addi-

tional diffusion limitations [51]. The geometric area of the elec-

trochemically accessible part of the electrode is 0.28 cm2. For

the electrochemical experiments, we used a rotating ring disk

electrode (RRDE) setup (Pine Instruments Analytical Rotator,

AFASRE), with the thin-film electrode on the GC disc func-

tioning as working electrode. The working electrode is

surrounded by a Pt ring biased at 1.2 V, which allows one to

measure the peroxide yield in the ORR. A reversible hydrogen

electrode (RHE) served as reference electrode and a Pt wire as

counter electrode, both separated by glass frits from the main

cell. The RHE itself consists of a Pt plate in a glass tube con-

taining the respective electrolyte used for the measurement and

a H2 bubbler. In the following, all potentials will be

quoted versus that of the RHE. The potential was controlled

by a bi-potentiostat (Pine Instruments AFRDE5). The potentio-

dynamic ORR measurements were performed in acidic elec-

trolyte (0.5 M H2SO4, Merck Suprapur, Millipore MilliQ,

18.2 MΩ·cm) in O2 saturated supporting electrolyte at a scan

rate of 10 mV·s−1 and a rotation rate of 1600 rpm. For all ORR

measurements, the currents in N2-saturated electrolyte were

subtracted from the measured ORR currents in order to remove

double-layer charging currents. For each catalyst the cyclic

voltammograms are presented, thus the ORR measurements of

each catalyst consist of a cathodic (down-going scan, lower

trace) and an anodic (up-going scan, upper trace) scan. For the

calculation of the hydrogen peroxide yield we used Equation 1,

where Ir is the measured ring current, Id the disc current and N

the collection efficiency of the setup (here the measured value

specific for the current setup of N is 0.2):

(1)

The resistance measurements of the catalyst film were per-

formed by pipetting and drying 80 µL of the catalysts suspen-

sion on a glassy carbon disk, similar to preparation of the cata-

lyst film for the electrochemical measurements. The dried cata-

lyst film is than covered by another glassy carbon disk, and the

two disks were tightly pressed together. The resistance between

both glassy carbon units with the catalyst film in between was

measured with a Keithley 197A multimeter. The onset poten-

tials in Table 6 and Figure 9 and Figure 10 are defined as the

potential at which the current geometric densities exceed

0.1 mA·cm−2.
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ABSTRACT: Nitridated carbon (NC) catalysts have attracted consid-
erable interest as promising Pt-free alternatives to standard Pt/C
catalysts in the oxygen reduction reaction (ORR). Aiming at a better
understanding of the microscopic reaction mechanism and of the nature
of the reaction-limiting step, we have investigated the ORR kinetics and
in particular the kinetic isotope effects (KIEs) therein for three different
NC catalysts with different nitrogen contents. The measurements were
performed using ordinary and deuterated water electrolytes, under both
alkaline and acidic solutions. From an analysis of the ORR kinetics on
the most active NC-I catalyst, including the kH/kD ratio and the transfer
coefficients, and from density functional theory (DFT) based com-
putations, we derive that the initial proton-coupled electron transfer
(PCET), whose process is to form OOH* from O2*, acts as the
potential-determining step (PDS) under acidic conditions and the initial electron transfer, whose process is to form (O2

•−)*
from O2*, occurs under alkaline conditions. For the other NC catalysts with higher N concentrations we found significantly
lower ORR activities. The DFT calculations support these conclusions and observations, showing that the formation of the
OOH* intermediate as a result of the initial PCET to the metastable adsorbed O2 is the key step for an efficient ORR on NC
electrocatalysts under acidic conditions, acting as the PDS. Furthermore, they show that both the configuration of adsorbed O2

and the N doping content sensitively affect the reaction pathway. This explains the experimental observation that only low
nitrogen doping levels support an efficient ORR pathway. The work provides detailed insight into the microscopic mechanism
of the ORR on the complex surfaces of NC catalysts and its dependence on the content and configuration of the N dopant
atoms.

KEYWORDS: microscopic electrode process, non-platinum-group electrocatalyst, isotope effect, oxygen reduction reaction,
multielectron−multiproton-transfer reaction

1. INTRODUCTION

The detailed mechanistic understanding of the oxygen
reduction reaction (ORR) has been a challenge for decades
for commonly studied active metal electrodes such as Pt.1−6

This is even more the case for novel compound electrode
materials such as nitridated carbon-based electrocatalysts
(NCs), which have been developed in the search for Pt-free
but nevertheless highly active and stable ORR catalysts. So far,
a variety of different carbon-based electrocatalysts have been
synthesized,7−20 and although they are still less active in com-
parison to platinum-group metals (PGMs), some of the NCs
exhibit very promising activities.9,19,21 For NCs, the pyridinic
chemical structure of the incorporated nitrogen into the edge
of the graphitic network seems to be key to both activity and
selectivity.22−26 The microscopic mechanism is, however, still
open to debate, even for the ORR, which can be considered as

the archetype of oxygen-related multielectron and multiproton
transfer reactions.
As has been intensely discussed for a wide spectrum of

electrocatalysts or in basic views of electrode processes,3,27−33

the most controversial point for the four-electron ORR on
NCs is also the limiting reaction step of the entire reaction
process to form water from dioxygen molecules (Figure 1). For
example, this step may be represented by the first electron
transfer and/or a proton transfer step, as is assumed for the
ORR on Pt catalysts.3 For the present system, however, it is
still unclear which elementary step is rate limiting at the
relatively high overpotential and is thus responsible for this and
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the low selectivity for the four-electron process. Hence, identi-
fication of this step is the first task in the analysis of any kind
of electrode process. In addition to this, the identification of
the limiting reaction step and its nature will be helpful for a
theoretical analysis and for understanding the experimental
observations. Here we note that in addition to the established
kinetic concept of the rate-determining step (RDS),34−37 elec-
trode processes and their kinetics were recently described on
the basis of the thermodynamic overpotential of the individual
reaction steps, which is particularly common in theoretical
studies and which leads to the potential-determining step
(PDS).38,39 In order to get more insight into ORR reaction
characteristics on the NCs, we studied kinetic isotope effects
(KIEs) in the ORR,40−45 using three different NC catalyst elec-
trodes. The use of isotope effects to gain insight into micro-
scopic electrode processes was intensely discussed by Horiuti
and later by Conway.46−48 In a recent publication,45 we have
shown that a KIE-based electrode process analysis is a powerful
approach to gain insight into complicated multielectron and
multiproton transfer reactions, which in combination with
density functional calculations can provide a solid basis for an
understanding of the underlying microscopic electrode pro-
cesses. This is also the objective of the present report, where
we analyze and discuss the ORR kinetics on NC electrodes,
using kinetic isotope effects to gain a deeper understanding of
the complex microscopic mechanism of the ORR on these
electrocatalysts.

2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Physical and Electrochemical Characterization.
We prepared three model NC catalysts, which have different
amounts of doping nitrogen and tuned ratios of nitrogen
chemical structures. The detailed synthetic procedures are
available in the Supporting Information. The electrochemical
measurements were performed with a rotating ring−disk
electrode (RRDE) setup (Dynamic Electrode HR-301, Hokuto
Denko). A glassy-carbon working electrode (0.196 cm2) is
surrounded by a Pt ring biased at 1.2 V, which allows mea-
surement of the peroxide yield in the ORR. A glassy-carbon
rod was applied as counter electrode and a saturated Ag/AgCl
electrode or a Hg/HgSO4 electrode as reference electrode.
Both reference electrodes are of nonleaking type. The catalysts
were measured in O2-saturated electrolytes for the ORR mea-
surements and Ar-saturated electrolyte for the measurements
of the background currents. Typically, we used a scan rate of
10 mV s−1 and a rotation rate of 1200 rpm. The electrolytes
used were 0.05 M H2SO4 (D2SO4) and 0.1 M KOH (KOD) in
H2O (D2O). H2SO4 was purchased from Wako Chemicals,
KOH, D2SO4, and D2O were obtained from Sigma-Aldrich,
and KOD was purchased from Cambridge Isotope. All chem-
icals were of the highest purity from the available choices.
The X-ray photoemission spectroscopy (XPS) measurements

were performed on a Physical Electronics PHI 5800 Multi ESCA
System, applying monochromated Al Kα radiation at an electron
emission angle of 45° and pass energy of 29.35 eV or using a

Figure 1. Representative possible elementary steps during four-electron ORR (O2 + 4H+ + 4e− ⇀ 2H2O) on carbon-based electrocatalysts. PCET,
ET, and PT indicate proton-coupled electron transfer, electron transfer, and proton transfer, respectively. Black and blue balls in the NC catalyst are
carbon and nitrogen atoms, respectively. We note here that, as we discuss later, the ORR reaction mechanism is highly dependent on the
adsorption configuration of O2, such as the end-on adsorption with a single bond (so-called Pauling model) or a bridge model having two bonds
with two sites and nitrogen-doping contents. These O2 configuration/nitrogen-doping contents can lead to elementary steps which are not shown
in this figure.
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VersaProbe II (ULVAC-PHI) instrument (electron emission
angle 30°, pass energy 46.95 eV). Transmission electron micros-
copy (TEM) imaging was carried on a JEM-ARM200F (JEOL)
atomic resolution analytical electron microscope with a Cs cor-
rector in order to obtain high-resolution images and energy-loss
near-edge structures (ELNES) of the catalysts. ELNES maps
were obtained on an aberration-corrected scanning transmission
electron microscope (STEM). We selected the NC-II catalyst for
ELNES analysis because it contains only pyridinic and graphitic
nitrogen. The resolution of ELNES was set as 1 pixel = 5 Å ×

5 Å, and we recorded ELNES maps of an area of 50 nm × 50 nm.
The two different chemical structures of N can be well dis-
tinguished by this approach (Figure S4). An accelerating voltage
of 80 kV was used. Temperature-programmed desorption (TPD)
spectra of adsorbed CO2 were recorded to check the Lewis
basicity of catalysts. Here, the surface was first cleaned at 680 K
in vacuo. Then the temperature was lowered to 290 K and
CO2 was admitted to the system. Next, the temperature was
increased with a rate of 20 K min−1 in a flow of He as a carrier
gas, until the temperature reached 600 K. The desorbed CO2 was
detected by mass spectrometry (GCMS-TQ8040, Shimadzu).
2.2. Analytical Protocol for ORR Kinetics. KIEs are

defined by the ratio of the isotopic rate constants (k0
H/k0

D ≡

KH/D). Following previous reports,45 KH/D can be obtained by
the exchange current densities on a catalyst in ordinary water
(j0

H) and deuterated water (j0
D), i.e.

=K
j

j

C

C

H/D 0

H

0

D
0
D

0
H

(1)

where C0 is the O2 concentration in ordinary or deuterated
waters. The value of C0

D/C0
H is known to be 1.101 at 298 K.

Exchange current densities (j0) and Tafel slopes 2.303RT/
αF ≡ b can be obtained by fitting the relation between over-
potential (η) and log j in Tafel plots, applying the following
relations:

α
η=

ikjjj y{zzzj j
F

RT
exp

0 (2)

α
η⇔ = +j j

F

RT
log log

2.3030 (3)

where α, F, R, and T denote the transfer coefficients, Faraday
constant, gas constant, and temperature (298 ± 1 K in this
experiment), respectively. This way, α can be calculated from
the Tafel slope b.
The surface area for the electrochemical reaction was

determined by different procedures. The electrochemical active
surface area (ECSA) of the Pt/C catalyst was calculated from
the total charge of hydrogen underpotential deposition (HUPD

in mC cm−2).49,50 The ECSA was calculated from the measured
HUPD charge, normalized by that of a smooth polycrystalline Pt
surface. The surface area of the NC catalysts was calculated
from the catalyst loading and the specific surface area (SA) of
the catalyst measured by N2 sorption.

51 We note here that this
method determines the complete surface areas of the catalyst
film, which may be higher than the electrochemically active
surface area. Therefore, the ORR current densities obtained for
the SA normalization (A cmSA

−2) may be slightly lower than
expected for an ECSA normalization (A cmECSA

−2). Nevertheless,
this is the most reliable approach for such kinds of catalysts.51

2.3. Computational Methods. Density functional theory
based calculations were carried out using the gradient-corrected

exchange-correlation functional of Wu and Cohen (WC),52 as
implemented in the SIESTA package.53 The WC functional
provides an adequate description of the lattice constants, crystal
structures, and surface energies of solids and systems with
layered structures. Double-ζ plus polarization function (DZP)
basis sets were used to treat the valence electrons of all atoms,
while the core electrons were represented by Troullier−Martins
norm-conserving pseudopotentials.54 The basis sets for hydro-
gen and oxygen atoms were optimized with the use of the
Nelder−Mead simplex method,55,56 in order to fit the theo-
retical value of the free energy balance for O2(g) + 2H2(g) →
2H2O(l) reaction to the experimental value of ΔG

exp = −4.92 eV,
where the free energy for solvation of a water molecule
ΔGsolv(H2O) has been set to its experimental value of
ΔGsolv(H2O) = −6.32 kcal mol−1.57 Periodic boundary
conditions were used for all systems, including the free mole-
cules. The graphene lattice was optimized using the Monkhorst−
Pack with a 20 × 20 k-point mesh for Brillouin zone sampling.58

The calculated lattice parameter for graphene is 2.479 Å. The
optimized lattice of graphene was used to construct a 12 × 12
slab for a model catalyst with a pore of about 1.5 nm in
diameter, which is described in more detail later together with
Figures 6 and 7. The periodically replicated slabs were
separated by a vacuum region of 20 Å. Only the Γ point was
used for sampling the Brillouin zone of the slabs because of the
large size of the supercell. An energy cutoff of 200 Ry was
chosen to guarantee convergence of the total energies and forces.
A common energy shift of 10 meV was applied. Self-consistency
of the density matrix was achieved with a tolerance of 10−4. For
geometry optimization, the conjugate-gradient approach was
used with a threshold of 0.02 eV Å−1. All energies are corrected
for the basis set superposition errors (BSSE).

2.4. Equation Parameters. The equation parameters are
defined as follows: α = transfer coefficient, β = symmetry
factor, η = overpotential in V, ν = stoichiometric coefficient,
b = Tafel slope in V dec−1. j0 = exchange current density in
A g−1 or A cmSA

−2 or A cmECSA
−2, where SA denotes the

surface area obtained by N2 sorption and ECSA the electro-
chemical active surface area, n = total electron transfer number,
r = number of transferred electrons in the RDS, s = the number
of transferred electrons before the RDS in the sequence of
reaction steps

3. RESULTS AND DISCUSSION

3.1. Experimental Analysis of ORR Electrode Process
on NCs. The electrochemical analysis was based on rotating
ring−disk electrode (RRDE) measurements, which were per-
formed at least three times for each catalyst electrode, taking
the average currents. The resulting error bars are included
in Figures 2 and 3. All potentials in this report are shown
as overpotentials. In order to obtain the overpotentials, the
potentials were converted to the reversible hydrogen electrode
(RHE) or reversible deuterium electrode (RDeE) scales and
subsequently to the overpotential scale (see te Experimental
and Theoretical Methods for the calculation of RHE and
RDeE scales). For the calculation of the pD under alkaline
conditions, we have to note that the dissociation constant of
D2O is different from that of H2O. The procedure to char-
acterize the powder electrocatalysts was developed by the
group at Ulm University,49,50 and the evaluation protocol of
the KIE was developed by the group at NIMS.45 The surface
compositions of the NCs, as determined by XPS, are sum-
marized in Table 1.
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First of all, the ORR activities in 0.1 M KOH and 0.05 M
H2SO4 solutions are discussed on the basis of the diagrams of
the overpotential (η) vs the logarithm of the iR-corrected
kinetic ORR current densities (Figure 2) (see also Table 2):
(1) we used current densities normalized by the mass of the
electrocatalysts, and the overpotential was determined at a
specific kinetic current density of 1 A g−1 (i.e. log jk (A g−1) = 0)
in 0.1 M KOH solution (Figure 2a) and in 0.05 M H2SO4

solution (Figure 2c); (2) we used current densities normalized
by the specific surface areas of the electrocatalysts, and the
overpotential was determined at a specific kinetic density of
10−6 A cm−2 (i.e. log jk (A cm−2) = −6) in 0.1 M KOH
solution (Figure 2b) and 0.05 M H2SO4 solution (Figure 2d).
In order to focus on the analysis of the basic electrode pro-
cesses, only the kinetically controlled regions with low current
densities are discussed in this report.
Starting with catalyst NC-I, we find this catalyst to be both

highly efficient (Figure 2a in 0.1 M KOH solution and Figure 2c
in 0.05 M H2SO4 solution) and highly selective to show the
four-electron process in a specific potential region (Figure 3)
in both acidic and alkaline electrolytes. This catalyst contains
only 0.5 atom % of nitrogen, in various chemical structures, i.e.,
pyridinic, pyrrolic, and graphitic N. It reached the log jk
(A g−1) = 0 value at η = 0.31 V in alkaline electrolyte and
η = 0.41 V in acidic electrolyte, respectively (Figure 2 and
Table 2). Although it is in a limited potential region, this cata-
lyst also shows a high selectivity for the four-electron process,
as will be discussed later (Figure 3).
Both the activity and the selectivity changed drastically when

the chemical structure of nitrogen was modified and/or the
nitrogen amount increased (NC-II and NC-III), especially in
acidic solution (Figure 2c and Table 2). In 0.1 M KOH

solution, the three catalysts (NC-I to NC-III) require almost
the same η value (0.3−0.4 V) to reach log jk (A g−1) = 0. From
these observations, the NCs were found to be active ORR
electrocatalysts under alkaline conditions, although Pt/C
(10 wt % Pt on graphitized carbon, Sigma-Aldrich) needs only
η = 0.16 V to reach log jk (A g−1) = 0 and is, hence, still more
ORR active than the NC-I catalyst. In 0.05 M H2SO4 solution,
the differences are much more pronounced. While the NC-I
catalyst needs an overpotential of 0.41 V to reach log jk
(A g−1) = 0, this is almost η = 0.7 V for the NC-II catalyst and
the NC-III catalyst shows no ORR currents in the measured
overpotential range. Therefore, NC-I excels in comparison to
the two other NC catalysts with its high ORR activity and
selectivity under both high- and low-pH conditions. In 0.1 M
KOH solution, there is a change in the electron transfer
number (n) at 0.35 V (see Figure 3a). In the region of η lower
than 0.35 V, n is below 4, while at potentials higher than this,
n becomes 4.
Changing to the surface area (SA) normalized current den-

sities for the NC catalysts (A cmSA
−2) and to the electro-

chemical surface area (ECSA) normalized current density for
Pt/C (A cmECSA

−2), the relative activities of the catalysts change
somewhat, but the general trends are maintained (Figure 2b in
0.1 M KOH solution and Figure 2d in 0.05 M H2SO4 solution).
The ORR activities based on the SA/ECSA were compared on
the basis of the overpotentials at a kinetic current density of log
jk (A cmSA/ECSA

−2) = −6 in both 0.1 M KOH and 0.05 M
H2SO4 solutions, respectively.
In the case of the 0.1 M KOH solution (Figure 2b and

Table 2), the SA-based activity of Pt/C is again the best among
the different catalysts. The ORR activities of the NCs in this
overpotential region are quite similar in alkaline electrolyte.

Figure 2. (a, b) log jk vs overpotential (η) diagram in 0.1 M KOH, showing the mass specific current density (A g−1) (a) and the surface area
normalized current density (A cm−2

SA) (b). (c, d) As in (a) and (b) but using 0.05 M H2SO4. The mass specific current densities (A g−1) are
normalized to the mass of carbon or platinum in the electrode. ECSA specific current densities (A cmECSA

−2) were used for Pt/C data in (b) and
(d). All data are corrected for ohmic drops (iR correction). The measurements were performed with a scan rate of 10 mV s−1 and a rotation rate of
1200 rpm. Error bars are shown for every 10th data point.
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Although NC-I can activate the ORR with a very low current
density of log jk (A cm−2

SA) = −8 at an overpotential of 0.25 V,
which is impossible for the other NCs, it requires almost the
same overpotential of about 0.4 V to reach log jk (A cm−2

SA) =
−6 in comparison to the other NCs.
For the 0.05 M H2SO4 solution, the situation is quite

different in comparison to 0.1 M KOH solution. Under acidic
conditions, NC-I is again the best NC catalyst with an over-
potential of 0.4 V for reaching log jk (A cm−2

SA) = −6, whereas
this value is 0.76 V for NC-II.
These above results indicate the following three points.
(1) The ORR electrode processes on the NC catalysts vary

strongly with the pH. For example, in case of 0.1 M KOH solu-
tion, there is no significant difference in their activities; however,
their activities are obviously different in the case of 0.05 M
H2SO4 solution (Figure 2 and Table 2). Hence, surface modi-
fication by nitrogen doping affects the ORR only slightly in
alkaline solution but has a significant effect in acidic electrolyte.
(2) Although the NC catalysts show a reasonably high mass

specific activity, the surface area normalized current densities
are low. For example, even the most active NC-I catalyst shows

very low current densities in comparison to Pt/C (NC-I in
0.05 M H2SO4 solution, log jk (A m−2

SA) = −7.5 at η = 0.3 V;
Pt/C in 0.05 M H2SO4 solution, log jk (A cmECSA

−2) = −4.5 at
the same η) (Figure 2d). Hence, the difference between the
current densities of Pt/C and NC-I is 3 orders of magnitude.
(3) In acidic electrolyte, a small amount of nitrogen doping

of less than 1 atom % results in a high activity for the carbon-
based catalysts, while this activity is lowered by adding higher
amounts of nitrogen such as 6.8 atom % (NC-II).
Considering that NC-I contains only 0.5 atom % of nitrogen,

only small amounts of nitrogen may be required for this highly
active and selective oxygen reduction electrode surface. This
low amount of nitrogen in the carbon support will mainly lead
to local changes in the electronic structure of the carbon. Further-
more, the probability for additional neighboring nitrogen atoms
will be low, which seems to be advantageous for the ORR activity
of these materials. This suggests that individual pyridinic N or
graphitic N species lead to the high ORR activity of NC-I.

Figure 3. Analysis of the electrode processes on NC-I: (a) log jk−overpotential (η) diagram in ordinary and heavy water electrolyte; (b) electron
transfer number as a function of overpotential in alkaline electrolyte (0.1 M KOH and 0.1 M KOD); (c) log jk−η diagram in ordinary and heavy
water based electrolyte; (d) electron transfer number as a function of overpotential in acidic electrolyte (0.05 M H2SO4 and 0.05 M D2SO4). The
red and blue lines indicate fits to obtain the Tafel slope b as the slope of these lines in the lower (below 0.35 and 0.4 V in alkaline and acidic
solutions, respectively) and higher overpotential regions, respectively. Tafel slope b can be converted into the symmetry factor α via the relation
shown in Experimental and Theoretical Methods. The measurements were performed with a scan speed of 10 mV s−1 and a rotation rate of
1200 rpm. Error bars are shown for each 10th data point.

Table 1. Surface Composition (atom %) of the NC
Electrocatalysts on the Basis of XPS Measurements

catalyst C N O pyridinic N pyrrolic N graphitic N

NC-I 93.9 0.5 5.6 0.1 0.2 0.2

NC-II 87.5 6.8 5.7 4.6 0.0 2.3

NC-III 69.6 23.5 6.9 12.0 1.7 9.9

Table 2. ORR Overpotential of the NC Catalysts

η (V)

0.1 M KOH 0.05 M H2SO4

catalyst
log jk

(A g−1) = 0
log jk

(A cmSA/ECSA
−2) = −6

log jk
(A g−1) = 0

log jk
(A cmSA/ECSA

−2) = −6

NC-I 0.31 0.38 0.41 0.51

NC-II 0.36 0.43 0.68 0.76

NC-III 0.41 0.43 inactive inactive

Pt/C 0.16 0.16 0.24 0.22

ACS Catalysis Research Article

DOI: 10.1021/acscatal.8b01953
ACS Catal. 2018, 8, 8162−8176

8166



The increased nitrogen amount of NC-II and NC-III, in con-
trast, has a negative effect on the ORR activity. Here the overall
electronic structure may change due to the more pronounced
nitridation, with more closely neighboring nitrogen atoms in the
nitridated carbon.
In order to obtain further details on the ORR processes

on NC-I, the KIE and the number of electrons transferred
(electron transfer number n) were determined by detailed
evaluation of the Tafel plots (Figure 3 and Table 3). Although
this approach is relatively simple and based on a number of
assumptions, it can provide insight into the complex electrode
processes. The transfer coefficient analysis based on eq 4 can
provide details on the ET in the RDS within the framework of
transition-state theory,59 where α, s, ν, β, and r are the transfer
coefficient, the number of transferred electrons before the
RDS, the stoichiometric coefficient, the symmetry factor, and
the number of transferred electrons in the RDS, respectively.
It should be noted that this theoretical model assumes the
absence of double-layer effects and a low coverage of reactants
and products on the electrode.

α
ν

β= +
s

r
(4)

α can be obtained from the Tafel slope b (see Analytical
Protocol for ORR Kinetics). Here we note that r should be 1
on the basis of a potential energy profile method.60 Therefore,
fitting the remaining parameters are s, ν and β. We found that
α changed its value at low- and high-overpotential regions
(Figure 3 a,c), and introduce α1 and α2 as the values at low
(α1) and high (α2) overpotentials. This change may be due to
a modification of the energetics of the reaction of the RDS, or
to a change in RDS, where both may lead also to a change in
coverages (of O-containing species).
Moving on to the analysis of the kinetic isotope effect, NC-I

shows a hydrogen/deuterium kinetic isotopic rate constant
ratio (KH/D) of about 1 for the ORR in 0.1 M KOH (Figure 3a
and Table 3) in the whole potential region measured. As shown
in the following, this indicates that the PT is not related to
the RDS in a four-electron mechanism (Figure 3a,b). If the
first ET were the RDS, we would obtain s = 0 and r = 1 and
therefore α = β from eq 4, since the symmetry factor (β) is
0 < β < 1. This confirms our observation on the NC-I catalyst in
0.1 M KOH solution, which shows that α1 = 0.87 ± 0.08 in the
potential region of 0.25−0.35 V and α2 = 0.56 ± 0.11 in the
potential region below 0.35 V (Table 3; this potential is indi-
cated as Transition Potential in Figure 3a,b). Other mechanisms,
such as the third PCET or the last (=fourth) proton transfer,
cannot result in α = β, because they would lead to α ≥ 1
(eq 4). Therefore, we suggest that the RDS in the ORR reac-
tion on NC-I is given by the first electron transfer (ET). The
other two catalyst materials, NC-II and NC-III, also show KH/D

values close to 1 in 0.1 M KOH solution (Figures S1 and S2).
Therefore, the first ET appears to be the RDS for all NC
catalysts explored here in alkaline electrolyte.

In 0.05 M H2SO4 solution, NC-I shows a different electrode
process behavior in comparison to the observation in 0.1 M
KOH solution (Figure 3c,d and Table 3) since its KH/D value is
about 2 and, therefore, a proton transfer is involved in the RDS
(Figure 3c and Table 3). Indeed, there is a change in the slope
and hence in the electrode process at around 0.4 V (indicated
as Transition Potential in Figure 3c,d). At the same time, n was
4 at overpotentials in the range of 0.35−0.40 V and started to
become less than 4 at higher overpotentials of 0.4 V. Since the
value of α of NC-I under low-pH conditions is again less than
1 below and above 0.4 V, this suggests that s = 0 and r = 1 in
eq 1. Therefore, the RDS of NC-I in 0.05 M H2SO4 is given by
the PCET in the first electron and proton transfer. From these
observations, the RDS of the ORR on NC-I is different in
0.1 M KOH and in 0.05 M H2SO4 solution. Indeed, for NC-I
in 0.05 M H2SO4 we find that n becomes 4 at potentials lower
than 0.4 V associated with a change of α from 0.35 ± 0.03 to
0.45 ± 0.09 (Figure 3c,d). This observation suggests that the
change of the electrode process (which is illustrated by the
change of α) is due to a change from the two-electron
mechanism to the four-electron mechanism in acidic solution.
KH/D = 6.44 was determined for NC-II in the 0.05 M H2SO4

solution (Figure S3). While this may formally be interpreted as
suggesting a PCET as the RDS, we think that also other effects,
such as the effect of specifically adsorbed anions as spectator or
interface water structures, may result in a high KH/D and there-
fore refrain from giving a more definite proposal for the nature
of the RDS, similar to the reaction on these catalysts in 0.1 M
KOH solution (Figure S1).

3.2. Surface Analysis of NC Catalysts. While we could
identify an ET and a PCET process as the RDS in the ORR on
the highly active and selective N-doped carbonaceous NC-I
electrocatalyst under high- and low-pH conditions, respec-
tively, the nature of the active site and of the transition state is
still unresolved. This is mostly due to the fact that the exact
surface structure is largely unknown. The NC-I catalyst shows
the lowest content of nitrogen with only 0.5 atom % in the
nitrated carbon surfaces (Table 1). Assuming that the pyridinic
N, which is often considered as the key chemical structure
exhibiting ORR activity,24,25 causes the high activity of NC-I,
only 0.1 atom % pyridinic N is responsible for the ORR activity
(Table 1). On the other hand, if the highly efficient ORR
process is related to pyridinic N, this process is extremely
sensitive to the amount of overall nitrogen in the NC. Despite
its higher pyridinic N content of 4.6 atom % and essentially no
pyrrolic N, NC-II shows a lower activity, corresponding to a
higher overpotential for log jk = 0, in both alkaline and acidic
electrolyte, in comparison to NC-I. Finally, NC-III is ORR
inactive under low-pH conditions, even though this catalyst
contains more than 10 atom % of pyridinic N. Apparently,
electronic modifications introduced by nitrogen doping, which
are sensitive to the overall amount of nitrogen doping, play an
important or even decisive role in the ORR activity. Here we
used temperature-programmed CO2 desorption (CO2-TPD)
experiments, which show that the NC-I catalyst exhibits only a

Table 3. Possible RDS in the ORR on NC-I in Different Electrolytesa

condition α1 α2 (KH/D)1 (KH/D)2 RDS1 RDS2

0.1 M KOH 0.87 ± 0.08 0.56 ± 0.11 1.13 ± 0.21 1.16 ± 0.23 ET ET

0.05 M H2SO4 0.35 ± 0.03 0.43 ± 0.09 2.06 ± 0.27 2.67 ± 0.15 PCET PCET
aSubscript numbers 1 and 2 shows the values at low (below 0.35 and 0.4 V in the alkaline and acidic solutions, respectively) and high
overpotentials, respectively.
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weak Lewis basicity, even though a high Lewis basicity intro-
duced by the pyridinic N was postulated to be the key feature
for a high ORR activity.25 The weak Lewis basicity of NC-I is
reflected by a CO2 desorption peak at around 420 K (Figure 4a).

NC-II, which contains almost exclusively pyridinic N, shows a
high Lewis basicity, which is indicated by a strong main CO2

desorption peak centered at around 530 K (Figure 4b).
Considering this discrepancy, it is questionable whether the

present mechanistic ideas obtained for PGM electrocatalysts
can be simply transferred to alternative catalyst concepts such
as the NC catalysts. This discrepancy, however, also offers the
chance to overcome the limitations in the ORR performance
introduced by the scaling relations. These limitations are intro-
duced by the fact that there should be a maximum activity of a
given reaction, where the interaction with the catalyst surface is
neither too strong nor too weak: i.e., the Sabatier principle.38,61

In the case of the ORR on PGMs, the metal−O binding energy
was identified as the relevant parameter. For NC catalysts,
other scaling relations may apply, where the relation between
O* binding energy and binding of the other reaction inter-
mediates and product(s) is different from that for metals.
Attempts to investigate the ORR on NC catalysts and identify

the active site on these nitridated carbons by computational
calculations require, however, more detailed structural infor-
mation. Therefore, prior to the calculations, we checked the
structure of the NC-II surface by transmission electron micro-
scopy (TEM) in order to design an appropriate model for the
DFT calculations. For this, we selected the NC-II catalyst,
since the NC-I catalyst contains an insufficient amount of
nitrogen to determine nitrogen specific structures on the basis
of an analysis by energy loss near-edge structure (ELNES) spec-
troscopy at around the nitrogen K edge. ELNES spectrometry
was applied because it is an effective approach for obtaining
detailed electronic structure information in microscopic

areas.62,63 Furthermore, NC-II contains only two chemical N
structures with peaks at energies sufficiently separate to be
distinguished (Figure S4). The position of these peaks was
referenced by previous data.64,65 A two-dimensional map of the
chemical structure of nitrogen (N-2DCS map) was obtained
on an area of 50 nm × 50 nm, which is indicated by the yellow
square in the TEM image in Figure 5a. The resolution was
fixed at 1 pixel per 5 Å × 5 Å. The resulting relative intensities
for pyridinic and graphitic N species are given in Figure 5c,d.
Furthermore, the surface of the NC-II catalyst was checked by
high-resolution TEM imaging (Figure 5b). A high-resolution
image, which was taken in the area indicated by the blue square
in Figure 5a, shows that the surface of NCs contains defects,
holes, edges, and also flat regions. By comparing the TEM
images and the N-2DCS maps based on ELNES spectrometry,
one can correlate the different nitrogen species with specific
structural features. This led to the following conclusions.
(1) The pyridinic N tends to be located at edge or defect

areas, and its signal becomes weaker at less defective areas.
(2) The graphitic N is homogeneously distributed.
3.3. DFT Analysis of the ORR on NC Surfaces. On the

basis of the above observations, we designed a model of a
carbon surface, which will be used for the DFT calculations to
better understand the possible mechanism and tackle the ques-
tion of why a low N doping can give a superior ORR activity in
comparison to a higher doping level. For the theoretical study,
we focused on the acidic conditions, where the N content
affects the ORR activity of the carbon-based electrocatalysts
more strongly than in alkaline electrolyte (Figure 2b). In pre-
vious theoretical studies, a wide variety of possible active sites
for ORR on nitrogen-doped carbon materials has been inves-
tigated.66,67 Here it should be noted that the structure of the
carbon-based electrocatalyst depends strongly on the synthesis
procedure and conditions, which complicates comparison
between experiment and theory and between different studies.
Furthermore, it is likely that different active sites and defects
with different topologies contribute to the reaction. Therefore,
the structure of the model surface should reflect the structures
observed experimentally in the specific experiment in their main
features. Our experimental data indicate that the surface of NCs
contains a large number of small holes that are 0.5−3.0 nm in
diameter (Figure 5b). In previous studies we found evidence
that in 2D nanomaterials such as graphitic carbon nitride or
hexagonal boron nitride nanosheets the edges of pores or edges
of small 2D islands can be very active to catalyze reactions such
as the ORR, HER, or water dissociation.26,68 Considering this
and our present experimental data, we designed a simple model
for a carbon catalyst structure, which consists of a 12 × 12
supercell of graphene with a pore of about 1.5 nm in diameter
in the center, as shown in Figure 6a. The inner edges of the
pore contain elements of the zigzag-like type of H-terminated
edges as well as elements of the armchair-like type of junctions
of the zigzag edges. This model cannot of course represent the
whole variety of the possible active sites in NCs catalysts;
however, it mimics the important elements of the NC structures
observed experimentally. Moreover, it allows avoiding the edge
magnetization and spin-polarization effects known for extended
carbon nanoribbons with zigzag edges, which result in the for-
mation of localized edge states with energies close to the
Fermi level.69,70 Different total nitrogen concentrations were
considered, starting from 0.4 atom % corresponding to one
pyridinic N (denoted as p-N, Figure 6b) or one graphitic N
(denoted as g-N, Figure 6c) up to 7.3 atom % of homogeneously

Figure 4. CO2-TPD spectra recorded on (a) NC-I and (b) NC-II.
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distributed g-N atoms (Figure 6d). All structures considered
are shown in Figure S5 in the Supporting Information. For the
model catalyst shown in Figure 6, there are two nonequivalent
sites for p-N, corresponding to zigzag-like sites and armchair-
like sites at the edge of the pore. We have found that p-N
located in the armchair-like site (Figure 6b) is 0.1 eV more
stable in comparison with the zigzag-like site. Therefore, only
the p-N atoms in armchair-like edge positions were considered
for further analysis.
The overall ORR can be written in the simplified form

+ + →
+ −O 4H 4e 2H O2 2 (5)

which does not reflect, however, the complicated multiple
electron- and proton-transfer steps in the reaction. To obtain
more insight into the mechanism of ORR on the model NC

electrocatalysts, we followed the approach introduced by Nørskov
and Rossmeisl et al.38,71 and described in detail by Keith et al.,72,73

respectively. In particular, we studied the adsorption prefer-
ences of the reaction intermediates and products on a variety
of different model catalyst surfaces and sites and analyzed the
change in the free energy, ΔG, for the ORR along the possible
reaction pathways. Here we define the change in free energy,
ΔG, with respect to the free, noninteracting H2 and O2 mole-
cules in the gas phase and the bare catalytic surface. Details of
the calculations of ΔG are given in the Supporting Information.
We have applied this method for modeling the ORR and the
HER on a number of different surfaces.26,74,75

Adsorption of molecular O2 on the catalyst surface is the first
step of the ORR. The importance of this step is often under-
estimated because it is a chemical process which does not

Figure 5.Microscopic characterization of NC-II by TEM imaging and ELNES spectroscopy. (a) TEM overview image. Yellow and blue squares are
defined below, and the numbers at the corners refer to the numbers in (c) and (d). (b) High-resolution TEM image of the area indicated by the
blue square in (a). (c) N-2DCS map of the area marked by the yellow square in (a), showing pyridinic N. (d) As in (c), but showing graphitic N.
The resolution of ELNES was fixed as 1 pixel = 5 Å × 5 Å.
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contribute to the potential dependence of the Faradaic cur-
rent.76 We have found, however, that in the case of carbon-
based electrocatalysts the adsorption configuration of O2 can
sensitively affect the reaction pathway and, hence, is crucially
important to understand the overall microscopic mechanism of
the ORR. In order to obtain the most stable configuration of
the adsorbed O2, we have generated and compared a large
number of starting geometries (up to 30) by adding O2 in
different nonequivalent positions and orientations on the sur-
face. The starting structures have been optimized without any
geometry constraints. A detailed description of the procedure
can be found in our recent works and references therein.74,75

According to the calculations, molecular O2 can be adsorbed
on the carbon model catalyst mainly in three different config-
urations, as shown in Figure 7. In the case of zigzag-like
adsorption sites at the edge of a pore, O2 can be adsorbed in a
metastable on-top (Figure 7a) and in a bridge (Figure 7b)
configuration with adsorption energies of +0.38 and +0.89 eV,
respectively. The adsorbed metastable O2* is strongly acti-
vated, with the O−O bond length elongated to 1.31 Å (on-top)
and 1.52 Å (bridge) for both configurations. Here, the asterisk
(*) denotes the adsorbed state. The positive value of the
adsorption energy of oxygen on the zigzag-like edge site means
that the free O2 molecule is energetically more stable; the
energy barrier would hinder, however, spontaneous desorption
of the molecule from the surface. The existence of metastable
configurations of O2* adsorbed on the various types of defects
in N-doped graphene and carbon nanotubes has been dis-
cussed in detail in previous theoretical studies.22,66,67 It has
been shown that the free energy variation for O2 adsorption
exceeds 1 eV for p-N at the ideal zigzag and armchair edges.22

Therefore, p-N atoms along such edges were concluded to not
contribute to efficient ORR processes unless further modifi-
cations of edges are introduced.66 On the other hand, it has
also been shown that a single g-N dopant atom inside of the
basal plane of graphene is not favorable for the O2 adsorption
because the activation barrier is about 3.5 eV. Therefore,

individual g-N dopants in the ideal graphene also do not
contribute to ORR activity.22,67 Finally, it was demonstrated
that introduction of the various types of defects to graphene
such as monovacancies (MV), Stone−Wales (SW) defects, and
curvature effects can considerably reduce the activation barrier
for O2 adsorption.

67 Adsorption on the armchair-like site results
in stable adsorption with an adsorption energy of −0.27 eV of
the activated O2* in a bridge configuration (Figure 7c). In this
case, the on-top configuration is not stable and spontaneously
transforms into the bridge configuration. In the following we
will show that the edges of the pores in the N-doped graphene
sheets can serve as efficient active sites for O2 adsorption fol-
lowed by the ORR.
Figure 8a shows the dependence of the adsorption energies

of O2 on the adsorption site and on the concentration of N
dopants. Nitrogen doping at the edge of the pore with p-N
(Figure 7b) breaks the symmetry, resulting in the formation of
nonequivalent adsorption sites along the pore’s edge. O2* was
found to bind more weakly in the vicinity of the p-N dopant in
comparison to adsorption at the pure N-free pore sites. Indi-
vidual p-N species at the edge of the pore destabilize oxygen
adsorption in the vicinity of the p-N site by about 0.1 eV in
comparison to adsorption on the N-free edge sites. Relative to
the free O2 molecule, O2* is 0.40 and 1.01 eV less stable for
the on-top and bridge configurations on the zigzag-like sites,
respectively, but 0.14 eV more stable for the bridge config-
uration on the armchair-like site. On the other hand, doping
the system with homogeneously distributed g-N results in a
stabilization of the on-top configuration of O2* on zigzag-like
sites in comparison to the situation of low doping of pyridinic
N, leaving the O2* species at free energies of +0.09−0.22 eV
relative to the free O2 molecule. Here it is important to keep
in mind that all adsorption configurations discussed so far
are metastable with respect to free O2. Only for the bridge con-
figuration of O2* on armchair-like sites do the correspond-
ing values of ΔG exhibit negative values between −0.29 and
−0.45 eV, depending on the concentration of g-N, as shown in

Figure 6. Model structures of the carbon-based electrocatalyst with small ∼1.5 nm pores (a) without N doping, (b−d) NC structures with
(b) pyridinic N and (c) graphitic N at a low atomic concentration of 0.4 atom %, and (d) NC structure with graphitic N at an atomic concentration
of 7.3 atom %. Graphitic N is distributed in the structure randomly. Carbon atoms are shown in yellow, nitrogen atoms in magenta, and terminating
hydrogen atoms in blue.
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Figure 8a by the dashed red line. Hence, these species are stably
adsorbed. Interestingly, g-N doping drastically affects the
stability of O2* adsorbed in the bridge configuration on zigzag-
like sites, as shown in Figure 8a by the dashed black line, or
more precisely, it lowers the instability of this adsorption
configuration in comparison to the free O2 molecule, from
+0.9 eV for adsorption on the N-free “pure” site to +0.71 at a
low concentration of g-N of 0.4 atom % to around 0 eV for
high g-N concentrations of g-N of 7.3 atom %. Figure 8a also
demonstrates that for high concentrations of g-N atoms (3.9
and 7.3 atom %) the on-top configuration of O2* is ener-
getically less favorable in comparison to the bridge config-
uration, for both the zigzag- and armchair-like adsorption sites,
while for the other N-free and N-doped porous carbon
catalysts adsorption in the on-top configuration is more stable
than in a bridge configurations on zigzag-like sites. Never-
theless, also here on-top adsorption is less stable than free O2.
In all configurations, adsorption on armchair-type bridge sites
is the most stable and is stable also with respect to the free O2

molecule. This is most pronounced for low concentrations of
g-N species (0.4 and 1.3 atom %).
To gain more insight into the mechanism of O2 adsorption

on the model NC catalysts, we calculated the spin-polarized
local density of electronic states (LDOS) projected on the
carbon atoms at the edge of pores for the different concen-
tration of graphitic nitrogen in NCs, as shown in Figure S5.
The nitrogen-free model catalyst (Figure 6a) is a semicon-
ductor with a band gap of 0.58 eV (see Figure S6a), in contrast
to the unmodified graphene, which is a perfect semimetal with
the DOS at the Fermi level being equal to zero. Thus, the

formation of pores in the graphene modifies its electronic struc-
ture, opening the gap. On the other hand, doping the model
catalyst with graphitic nitrogen results in formation of the
electronic states below the Fermi level, turning the edge of the
pores to metallicity (see Figure S6b−e). These electronic
states below the Fermi level promote oxygen adsorption and
activation at the edge of the pore due to enhanced electron
donation into the antibonding 2π* orbital of the adsorbed O2.
As will be shown below, these features of O2 adsorption are
very important for understanding the mechanism of the ORR
on the porous N-doped carbon catalysts.
Figure 8b−d demonstrates the changes in free energy for

ORR intermediates after the first, second, and third e− + H+

pair transfers, respectively, for adsorption at the same sites as
discussed above, also at a potential of U = 0 V vs RHE. Dotted
horizontal lines correspond to the ideal change in free energy
ΔGi = neU calculated for one e− transfer, where U = 1.23 V, n
is the number of proton−electron pairs, and e is the elementary
charge.38 After the first proton transfer to the molecular O2*

adsorbed in the on-top configuration, the resulting OOH*
intermediate remains in an on-top configuration (Figure 7d).
For the pure carbon system and the model system with one
p-N, the calculated values of ΔG(OOH*) in the on-top con-
figuration are about −0.7 to −0.6 eV (Figure 8b), leaving the
product 0.5−0.6 eV less stable than the ideal theoretical value
of −1.23 eV. In contrast, for the model catalyst with g-N
dopants, the ΔG(OOH*) value is in the range of −0.84 to
−0.98 eV, leaving the OOH* intermediate closer to the ideal
energy indicated by the dotted black line (Figure 8b). Inde-
pendent of the N doping, proton transfer to the molecular O2*

Figure 7. Optimized geometries of adsorbed molecular O2* (left) and OOH* (O*···OH*) intermediates after the first PCET (right), resulting in
O2 adsorbed (a, d) on the zigzag-like site in an on-top configuration, (b, e) on the zigzag-like site in a bridge configuration, and (c, f) on the
armchair-like site in a bridge configuration. Note the O−O* bond breaking in (e) and (f). Carbon atoms are shown in yellow, oxygen atoms in red,
and hydrogen atoms in blue.
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adsorbed in either of the bridge configurations results in the
breaking of the O−O bond and formation of rather stable
interacting O*···OH* pairs at the edge of the pore, with ΔG
between −1.5 and −2.0 eV (Figures 7e,f).
Starting again with the OOH* adsorbed in an on-top

configuration at the zigzag-like edge results in the following
step: the second proton transfer OOH* + H+ + e− → O* +
H2O leads to the formation of a water molecule and an
O* intermediate at the edge of the pore. Energetically, the
resulting configuration is about 0.4 eV less stable than the ideal
theoretical value of −2.46 eV (see the dashed black line in
Figure 8c), and this is rather independent of the N doping level
(see the solid black line in Figure 8c). In a change to the

bridged configurations, the proton transfer to the O*···OH*
pair formed before results in the formation of an interacting
OH*···OH* pair for both the armchair-like sites (red dashed
line in Figure 8c) and the zigzag sites (black dashed line in
Figure 8c) at the edge of the pore, via the process O*···OH* +
H+ + e− → OH*···OH*. Also in this case the former con-
figuration (OH*···OH* on armchair-like sites) is rather stable,
well below the ideal energy of −2.46 eV, and varies little with
N doping level. For the latter configuration (OH*···OH* on
zigzag sites), in contrast, adsorption on the p-N-doped surface
is significantly less stable than that on all other surfaces.
Furthermore, for high doping levels it is slightly more stable
than the ideal value of −2.46 eV.

Figure 9. Free energy diagram for the four-electron ORR on the zigzag-like edge of the pore of the model carbon catalyst doped with a graphitic
N (g-N) at (a) a low (0.4 atom %) N concentration in an on-top configuration of the adsorbed O2 and (b) a high (7.3 atom %) N concentration in
the bridge configuration of the adsorbed O2. The free energy values given are referenced to that of the free O2 molecule and the bare surface. The
free energy diagram is shown at three different potentials: 0 V (solid black line), the most positive potentials (lowest overpotentials) where uphill
steps are avoided of (a) 0.86 V and (b) 0.56 V (dashed red line, see text), and the equilibrium potential of 1.23 V (blue line).

Figure 8. Change in free energy for ORR intermediates upon (a) O2 adsorption, (b) first e
− + H+ pair transfer, (c) second e− + H+ pair transfer,

and (d) third e− + H+ pair transfer as a function of N content in the model carbon catalyst at a potential U = 0 V vs RHE. The free energy values
are referenced to that of the free O2 molecule and the bare surface. Dotted horizontal lines correspond to the ideal change in free energy calculated
for the maximum value of the potential vs RHE, 1.23 V. Black and red lines/symbols correspond to adsorption on the zigzag- and armchair-like
sites, respectively (see figure). Solid and dashed lines correspond to the ORR intermediates formed from the on-top and bridge parent
configurations of the adsorbed O2 (see text).
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The third PCET results in formation of an OH* inter-
mediate, either via a O* + e− + H+

→ OH* or via a OH*···
OH* + H+ + e− → OH* + H2O process. The total free energy
change is about −3.6 to −4.0 eV with respect to the initial
O2-free surface and a free O2 molecule, which is close to or
even below the ideal theoretical value of −3.69 eV (see dotted
black line), as shown in Figure 8d.
Overall, Figure 8 demonstrates that the configuration of the

adsorbed O2 defines the overall ORR energetics. Adsorption
of O2 in a bridge configuration results in the formation of the
strongly adsorbing O*···OH* configuration of ORR inter-
mediates. At lower overpotentials, these species may block the
bridge sites, at least for some time, and hinder the further
reaction. O2 adsorption on on-top sites, in contrast, has the
potential to yield very promising energetics for the ORR. In
the case of the N-free or p-N doped carbon catalyst the on-top
configuration of O2* is much higher in energy than the free O2

molecule with the O2 free surface, which makes the first PCET
highly unlikely. Small concentrations of g-N dopants of about
0.4 atom %, however, can stabilize the metastable O2*, making
this first step more favorable. Finally, for large concentrations
of g-N of 3.9 atom % and above, the bridge configuration of
the O2* at the zigzag-like edge becomes more stable with
respect to the on-top configuration. This might favor a site
change for the adsorbed O2* to a bridge configuration at the
zigzag edge configuration, which subsequently would result in
O−O bond breaking and the formation of strongly adsorbed
intermediates after the first PCET step, thus reducing the
possibility for an effective ORR.
A more quantitative understanding of the reaction process is

gained from free energy diagrams for the four-electron ORR on
the zigzag-like edge sites of the model carbon catalyst, which
are plotted for different potentials in Figure 9, for both a low
(0.4 atom %) and a high (7.3 atom %) N concentration,
respectively.
Starting with a low concentration of g-N dopants, we first

consider adsorption of an O2 molecule in a metastable on-top
configuration at the zigzag-like edges of the pores, which is
slightly endergonic. Since this is a purely chemical step, the
energy will not vary with potential. The importance of the
on-top configuration of the adsorbed O2 molecule on the zigzag
graphene edges and Stone−Wales defects of the nitrogen-doped
carbon catalysts has been reported in previous studies.22,66,67

Reduction of the O2 molecule in this configuration leads to the
OOH* intermediate, which is also adsorbed in an on-top
configuration at the edge of the pore and which is stabilized by
ΔG = −0.86 eV at U = 0 V vs RHE. As one can see from
Figure 9a, the reduction of O2* to OOH* is still a downhill
process at U < 0.86 V. However, at potentials U > 0.86 V
(which corresponds to the overpotential of 1.23 V − 0.86 V =
0.37 V) the OOH* intermediate becomes unstable (ΔG > 0),
which can reduce the reaction rate and thus hinder the ORR.
Note that such a situation does not occur for metallic cata-
lysts, where O2 is usually adsorbed in a stable configuration with
ΔG < 0. This suggests that the first proton-coupled electron
transfer (PCET) step represents the potential-determining
step (PDS). This fully agrees with our conclusions from the
experimental results. Finally we note that O2 adsorption on the
armchair-like bridge sites, which stabilizes O2* species, will of
course occur as well. It results, however, in very stable ORR
intermediates, which lead to site blocking and thus are not able
to support an efficient ORR process (see Figure 8).

Further reduction of the OOH* intermediate (on-top con-
figuration) results in O−O bond cleavage and in the formation
of the first H2O molecule, together with an O* atom at the
edge of the pore. After the transfer of two electrons and two
protons, we obtained a theoretical value of ΔG = −1.92 eV at
U = 0 V. The corresponding free energies at potentials of 0.86
and 1.23 V are indicated in Figure 9a, showing a downhill
process for the former but an uphill process for the latter
potential. In the third reduction step, the O* intermediate is
reduced to the OH* species, with an overall change in the free
energy of ΔG = −3.75 eV at U = 0 V. This step is downhill also
for the other two potentials, 0.86 and 1.23 V. Finally, in the
fourth reduction step, the OH* intermediate is reduced to the
second H2O. This step is downhill for 0 and 0.86 V but uphill
for 1.23 V.
Finally it should be noted that for the ORR at low N-doping

levels (NC-I) and in acidic electrolyte, experimental kinetic
analysis and computations both identify the first PCET as the
rate-determining step (kinetic analysis) and as the potential-
determining step (computations), respectively, despite the dif-
ferent underlying concepts. Hence, this step is clearly identified
as decisive for the ORR.
In the case of a high concentration of g-N species (Figure 9b),

the first reduction step leads to the formation of the rather
stabilized O*···HO* pairs. In this case, the second reduction
step is uphill for potentials higher than U = 0.56 V, corre-
sponding to an overpotential of η = 0.67 V. This ideally fits to
the large value of the overpotential of 0.68 V observed experi-
mentally for NC-II (see Figure 2a and Table 2).

4. CONCLUSIONS AND OUTLOOK

Aiming at a detailed understanding of the ORR on N-doped
carbon catalysts, we have investigated the ORR kinetics on
three different nitridated carbon catalysts with different nitrogen
contents in a combined experimental and theoretical approach,
employing in particular an analysis of kinetic isotope effects
on the experimental side. This leads to the following main
conclusions.
(1) While N-doping strongly increases the activity of the

carbon catalysts, the activity of the NC catalysts does not
increase with the level of N doping. Instead, the NC-I catalyst,
which has the lowest nitrogen concentration among the three
different NC catalysts, was found to be the most active, both in
alkaline electrolyte and, even more pronounced, in acidic
electrolyte.
(2) The kinetic analysis demonstrates that the RDS in the

ORR on the nitrogen-doped NC-I catalyst in 0.05 M H2SO4

solution is the first PCET. It results in the activation of the
adsorbed O2 molecule by the simultaneous transfer of one
electron and one proton, forming OOH* species. For the same
NC-I catalyst, but in 0.1 M KOH, experiments indicate the first
ET as the RDS in the ORR.
(3) DFT calculations provide a detailed picture of the reac-

tion mechanism on a NC model surface in acidic electrolyte,
showing that zigzag-like edge sites at small pores in the NC
catalyst doped with the graphitic N atoms are active sites for
catalyzing the ORR. They identify the first PCET as the PDS
on the l NC catalyst with both low and high N doping, in good
agreement with results of the kinetic analysis (RDS), under-
lining that in both concepts this step is decisive. Furthermore,
they reveal that both the adsorption configuration of adsorbed
O2 and the N-doping content sensitively affect the reaction
pathway and the activity for the ORR. This way, they can
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convincingly explain the experimental observation of a high
activity of NC-I (low N doping, <1 atom %,) and lower
activities of the other NCs with higher N contents. Finally, the
good agreement between kinetic analysis (RDS) and
computations (PDS) underlines the DFT calculations.
Overall, the experimental and DFT data provide detailed

information on the mechanism of the ORR on complex
N-doped carbon catalyst materials, which are promising as a
Pt-free alternative to the commonly used Pt/C electrocatalysts.
In particular, they clearly indicate that a simple picture, with
nitrogen in the carbon structures (pyridinic N) serving as active
site, cannot explain the observed activity trends and that more
complex structures and effects have to be considered as well.
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Kitchin, J. R.; Bligaard, T.; Jońsson, H. Origin of the Overpotential for
Oxygen Reduction at a Fuel-Cell Cathode. J. Phys. Chem. B 2004, 108,
17886−17892.
(39) Koper, M. T. M. Analysis of electrocatalytic reaction schemes:
distinction between rate-determining and potential-determining steps.
J. Solid State Electrochem. 2013, 17, 339−344.
(40) Ghoneim, M. M.; Clouser, S.; Yeager, E. Oxygen Reduction
Kinetics in Deuterated Phosphoric Acid. J. Electrochem. Soc. 1985,
132, 1160−1162.
(41) Xu, J.; Huang, W.; McCreery, R. L. Isotope and surface
preparation effects on alkaline dioxygen reduction at carbon
electrodes. J. Electroanal. Chem. 1996, 410, 235−242.
(42) Mei, D.; He, Z. D.; Zheng, Y. L.; Jiang, D. C.; Chen, Y.-X.
Mechanistic and kinetic implications on the ORR on a Au(100)
electrode: pH, temperature and H-D kinetic isotope effects. Phys.
Chem. Chem. Phys. 2014, 16, 13762−13773.
(43) Tse, E. C. M.; Varnell, J. A.; Hoang, T. T. H.; Gewirth, A. A.
Elucidating Proton Involvement in the Rate-Determining Step for Pt/
Pd-Based and Non-Precious-Metal Oxygen Reduction Reaction
Catalysts Using the Kinetic Isotope Effect. J. Phys. Chem. Lett.
2016, 7, 3542−3547.
(44) Malko, D.; Kucernak, A. Kinetic isotope effect in the oxygen
reduction reaction (ORR) over Fe-N/C catalysts under acidic and
alkaline conditions. Electrochem. Commun. 2017, 83, 67−71.
(45) Sakaushi, K.; Lyalin, A.; Taketsugu, T.; Uosaki, K. Quantum-to-
Classical Transition of Proton-Transfer in Electrocatalytic Oxygen
Reduction. arXiv preprint arXiv:1801.01230, 2018.

(46) Horiuti, J.; Hirota, K.; Okamoto, G. Application of Transition
State Method to the Heterogeneous Reaction on Hydrogen Electrode.
Sci. Pap. Inst. Phys. Chem. Res. (Jpn.) 1936, 29, 223−257.
(47) Conway, B. E. The electrolytic hydrogen−deuterium separation
factor and reaction mechanism. Proc. R. Soc. London, Ser. A 1958, 247,
400−419.
(48) Conway, B. E. Kinetics of electrolytic hydrogen and deuterium
evolution. Proc. R. Soc. London, Ser. A 1960, 256, 128−144.
(49) Schmidt, T. J.; Gasteiger, H. A.; Stab̈, G. D.; Urban, P. M.;
Kolb, D. M.; Behm, R. J. Characterization of High-Surface-Area
Electrocatalysts Using a Rotating Disk Electrode Configuration. J.
Electrochem. Soc. 1998, 145, 2354−2358.
(50) Paulus, U. A.; Schmidt, T. J.; Gasteiger, H. A.; Behm, R. J.
Oxygen reduction on a high-surface area Pt/Vulcan carbon catalyst: a
thin-film rotating ring-disk electrode study. J. Electroanal. Chem. 2001,
495, 134−145.
(51) Trasatti, S.; Petrii, O. A. Real surface area measurements in
electrochemistry. Pure Appl. Chem. 1991, 63, 711−734.
(52) Wu, Z.; Cohen, R. E. More accurate generalized gradient
approximation for solids. Phys. Rev. B: Condens. Matter Mater. Phys.
2006, 73, 235116.
(53) Soler, J. M.; Artacho, E.; Gale, J. D.; Garcia, A.; Junquera, J.;
Ordejon, P.; Sanchez-Portal, D. The SIESTA method for ab initio
order- N materials simulation. J. Phys.: Condens. Matter 2002, 14,
2745−2780.
(54) Troullier, N.; Martins, J. L. Efficient pseudopotentials for plane-
wave calculations. Phys. Rev. B: Condens. Matter Mater. Phys. 1991, 43,
1993−2006.
(55) Nelder, J. A.; Mead, R. A Simplex Method for Function
Minimization. Comput. J. 1965, 7, 308−313.
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a b s t r a c t

Aiming at a better understanding of the molecular scale mechanism of the oxygen reduction reaction

(ORR) on metal-free catalysts, we have systematically investigated this reaction in a combined experi-

mental and theoretical approach on a set of catalysts consisting of nitrided carbon spheres. These cat-

alysts, which were prepared similarly, but applying different carbonization/nitriding temperatures, were

studied in acidic and alkaline electrolyte. The physical properties characterization of both, the bulk

materials and the surface, was performed by transmission electron microscopy (TEM), N2 sorption, X-ray

photoelectron spectroscopy (XPS), CHN analysis and energy dispersive X-ray spectroscopy (EDX) and

Temperature Programmed Desorption (TPD) of CO2. Electrochemical and ecatalytic properties were

characterized by rotating ring disk electrode (RRDE) measurements. Mechanistic aspects were explored

by kinetic analysis of the ORR and by evaluation of the kinetic isotope effect (H-D exchange), using

deuterated electrolytes (KOD and D2SO4). In combination with density functional theory based calcu-

lations, these kinetic data provide detailed insights into the reaction mechanism and its dependence on

pH effects. In acidic electrolyte, the first proton coupled electron transfer (PCET) is identified as rate

determining step (RDS), while in alkaline electrolyte the first electron transfer (ET) to O2
*�

ad is rate

determining, followed by fast protonation. The potential of these highly active catalysts and the influence

of structural effects are discussed.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

The reduction of molecular oxygen is a key reaction in energy

conversion in fuel cells, which recently had gained increasing

importance also in energy storage applications, e.g., in metal-air

batteries and fuel cells [1]. Due to the high costs and limited

abundance of Pt, there is an increasing interest in replacing the

commonly used Pt and bimetallic Pt catalysts by alternative, Pt-free

catalyst materials with low cost and simple synthesis procedures,

even though their ORR activity cannot yet compete with that of Pt

based catalysts [2e10]. Different approaches include catalysts

based on non-precious metals, e.g., Fe/C/N [2,3], on differently

doped metal oxide/(oxy)nitrides [4e6,8e10], or fully metal-free (or

metal oxide free) materials such as nitrided carbon (CN) materials

[11e16]. In addition to the lower activity, also the selectivity for H2O

formation via a 4-electron-process becomes a major challenge

when changing to noble-metal-free catalysts [9,10,17,18].

As part of an ongoing extended effort to develop novel highly

active and stable Pt-poor or Pt-free catalysts for the oxygen

reduction reaction (ORR) based on doped oxide/(oxy)nitride type

[9,10,19e21] and on CN type [10,22] materials, we here report re-

sults of a systematic, combined experimental and theoretical study

on the mechanism of the ORR on well defined, nitrided carbon

spheres. Selected preliminary results on the ORR activity of one

sample were reported in Ref. [22]. Main tool of the study is the

analysis of kinetic isotope effects (KIEs), which had been introduced* Corresponding author.
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by Yeager and coworkers for mechanistic ORR studies [23,24]. Later

this approach was applied to a variety of different electrode ma-

terials, including Pt [25], Au [26], and, more recently, to noble metal

free materials [22,25,27].

Here we are specifically interested in elucidating the effect of

structural changes in the material and the pH influence on the ORR.

To pursue this goal, we used nitrided carbon spheres, which were

previously found to be highly active for the ORR [9,22] and which

can easily and reproducibly be synthesized [28]. These previous

studies also indicated that different ammonolysis temperatures

result in small changes in the amount of nitrogen and the N con-

figurations at the surface and the overall structure of the nitrided

carbon spheres, which can strongly influence the ORR activity.

Before presenting and discussing the results of this work, we

briefly summarize previous results important for the

understanding.

The ORR activity of nitrided carbon has been attributed to the

presence of pyridinic N [11,29], and Lai et al. also suggested that on

an N-doped graphene flake powder increasing amounts of pyr-

idinic nitrogen improve the onset of the reaction and the selectivity

towards water formation [29]. On the other hand, graphitic N was

shown to promote the ORR activity [30]. Regarding latter, in a

recent combined experimental/theoretical study our calculations

indicated that low densities of graphitic N increase the ORR activity

of carbon atoms at the edges of small pores, while higher densities

stabilize ORR intermediates, specifically O …OHad species, to an

extent which hinders the efficient ORR at low overpotentials [22].

Despite of these results, details of structure-activity correlations on

nitrogen-doped carbon materials are rare.

Consideringmechanistic details, the pH independent Tafel slope

of 120mV dec�1 commonly detected on metallic Pt electrodes/

catalysts was associated with the first electron transfer as rate

determining step (RDS) [31e33]. Tse et al. [25] concluded that this

RDS is not coupled with a proton transfer, since the KIE for the ORR

on Pt/C was shown to be unity, independent of the pH. Hence, the

proton does not participate in the RDS.

Measurements of the KIE on Pt-free catalysts based on Fe/C/N

revealed an influence of the deuterated electrolyte on the kinetics,

which was also found to vary with the pH, suggesting a pH de-

pendency of the RDS [25,27]. Even for the two different Fe/C/N

catalysts investigated by those authors, different KIE values of 1.9

[25] and 3.4 [27] were reported for 0.5 and 0.45MH2SO4.

For a more detailed understanding of the ORR mechanism and

for identifying the RDS on CN-type materials, we recently per-

formed a kinetic analysis of the ORR on a group of three materials

with different nitrogen contents, by evaluating kinetic isotope ef-

fects introduced upon changing from normal to deuterated elec-

trolytes, both at low pH (0.05MH2SO4/0.05M D2SO4) and at high

pH (0.1M KOH/0.1M KOD). In these measurements we found that

in acidic electrolyte the RDS involves a proton transfer [22], in good

agreement with results in a previous report [25]. In addition, we

determined a non-linear correlation between nitrogen content and

ORR activity, with a maximum activity at low nitrogen contents,

while high amounts of graphitic N result in a lower ORR activity

[22]. In the present work, we focus on structural effects in CN

materials with rather low amounts of nitrogen (<3 at%).

Following the description of the experimental and computa-

tional details and procedures (section 2), wewill then first describe

the structural and chemical properties of the catalysts under

investigation in section 3.1. Results of the electrochemical charac-

terization of the nitrided carbon spheres are reported in section 3.2.

The electrocatalytic measurements including the measurements of

the KIEs in the ORR are presented and discussed in section 3.3,

including also the results of the theoretical analysis. The main re-

sults and new insights gained from this work are summarized in

section 4.

2. Experimental

2.1. Synthesis of the nitrided carbon spheres

For the synthesis of the carbon spheres, a 0.75M glucose

(Amresco, 98%) solution in distilled water was treated hydrother-

mally at 165 �C for 10.5 h. The resulting carbon spheres were

cleaned three times in distilled water and ethanol (VWR, 99.5%),

followed by centrifugation and drying [9,28,34].

Subsequently, the carbon spheres were heat treated/carbonized

at different temperatures (550, 700, 850, 1000 �C) for 4 h (heating

rate 5 �C min�1) in a tube furnace (12 L) under Ar atmosphere (Air

Liquide, 99.99%). After cooling, nitriding of the carbonized carbon

spheres was always performed by heating for 1 h in an ammonia

atmosphere (Air Liquide, 99.9%, 3 NL h�1) in a tube furnace at the

same temperature as used in the previous heat treatment/carbon-

ization step. Finally, the sample was cooled down in a flow of Ar.

The resulting nitrided carbon spheres are labeled as CN-550, CN-

700, CN-850, CN-1000, where the last number represents the

nitriding temperature.

2.2. Characterization of the nitrided carbon spheres

X-ray photoelectron spectroscopy (XPS) measurements were

performed on a Physical Electronics PHI 5800 Multi ESCA system at

an emission angle of 45� and a pass energy of 29.35 eV (detail

spectra), applying monochromatic Al-Ka radiation (250W, 13 kV).

The measured thin-film samples were prepared by deposition and

drying of 20 mL of an aqueous catalyst suspension on a pre-cleaned

silicon wafer to minimize the effects of a carbon support on the

C(1s) signal. Pre-cleaning was performed by rinsing in ultrapure

water (MilliQ), 1M KOH solution, and conc. H2SO4. A neutralizer

(low energy electron flood gun) was used to compensate minor

charging effects in the spectra. For the evaluation of the measured

signals, the CasaXPS software package was applied, using a Shirley

background (70% Gaussian/30% Lorentzian). In order to calibrate

the binding energies, the C(1s) peak of adventitious carbon was set

to 284.8 eV [35].

CHN elemental analysis was performed with a Vario MICRO

cube instrument (Elementar Analysensysteme GmbH), with a

thermal decomposition temperature of 1000 �C in air. Energy

dispersive X-ray spectroscopy (EDX) measurements were per-

formed on a FE-SEM, Zeiss Ultra Plus instrument with a large-area

silicon-drift detector (Oxford X-Max 50), applying an accelerating

voltage of 15 kV (5min per spot).

N2 sorption measurements, for the determination of the specific

surface area, were carried out on a Micromeritics ASAP 2420 in-

strument at a temperature of�196 �C in a relative pressure range of

p/p0 between 4� 10�6 and 0.99. The Brunauer, Emmett, and Teller

method was applied in a relative pressure range of 0.01e0.3 p/p0
for calculation of the specific surface area.

Bright field transmission electron microscopy (BF-TEM) images

were recorded on a JEOL1400 instrument equipped with a CCD

camera. The samples were prepared by pipetting and drying an

ethanol based solution of the sample powder (ca. 1mgmL�1) on a

carbonized Cu grid (Plano, Mesh 300).

For the temperature-programmed desorption (TPD) spectra of

adsorbed CO2, the catalysts surfaces were cleaned by heating to

680 K in vacuum, followed by a decrease of the temperature to

290 K. Finally, CO2 was added to the system. After CO2 adsorption,

the desorption was measured by a mass spectrometry (GCMS-

TQ8040, Shimadzu) while increasing the temperature with a rate of

20 Kmin�1 in a flow of the He carrier gas until 600 K.
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2.3. Electrode preparation and electrochemical measurements

For the electrochemical characterization, we used a rotating ring

disk electrode (RRDE) setup (Dynamic Electrode HR-301, Hokuto

Denko). The glassy carbon (GC, 0.196 cm2) working electrode,

which is covered by a thin-layer catalyst film, is surrounded by a Pt

ring biased at 1.2 V. This way we can determine the hydrogen

peroxide yield in the ORR by, applying equation (1) with a collec-

tion efficiency of N¼ 0.39.

H2O2ð%Þ ¼
2 jIrj

NjIdj þ jIrj
$100% (1)

A non-leaking Ag/AgCl electrode was applied as reference

electrode and a GC rod as counter electrode. In the following, all

potentials are referred to the RHE (RDeE) scale. The potentiody-

namic ORR measurements were measured in O2-saturated acidic

electrolytes (0.05MH2SO4, Wako Chemicals, in MilliQ water (Mil-

lipore MilliQ, 18.2MU cm) and 0.05M D2SO4, Wako Chemicals in

D2O, Sigma Aldrich, 99.9%) and alkaline electrolytes (0.1M KOH,

Wako Chemicals in MilliQ water and 0.1M KOD (Cambridge

isotope, 98%) in D2O) at a rotation rate of 1200 rpm and a scan rate

of 10mV s�1. The cyclic voltammograms (CVs) were recorded in Ar-

saturated acidic and alkaline electrolytes. For all ORR measure-

ments, the currents measured in the Ar-saturated electrolytes were

subtracted from the ORR currents in order to correct for double-

layer charging. Additionally, Ohmic drop effects in the CVs and

the ORR curves were corrected.

For the preparation of the catalyst thin-films on the GC electrode

(catalyst loading of 40 mg per film) we prepared an aqueous sus-

pension of the nitrided carbon spheres (4mgmL�1 suspension;

MilliQ water). 10 mL of this suspension were pipetted onto the GC

disc of the working electrode of the RRDE set up, followed by

subsequent drying in air. The film was covered with the same

volume of a 1wt% aqueous Nafion (5wt% solution, Chemix) solu-

tion and dried again to ensure the mechanical stability of the

catalyst layer on the GC without creating additional diffusion lim-

itations [36,39].

The potential determined with respect to the Ag/AgCl reference

electrode can be converted to that of the reversible hydrogen

electrode (RHE) by the following equation:

EðV vs: RHEÞ ¼ EðV vs: Ag=AgClðNaCl sat:ÞÞ þ 0:197 ðVÞ

þ 0:059$pH (2)

A rather similar correction applies for the reversible deuterium

electrode (RDeE):

EðV vs: RDeEÞ ¼ EðV vs:Ag=AgClðNaCl sat:Þ Þ þ 0:197 ðVÞ

þ 0:013 Vþ 0:059$pD (3)

For comparison, all electrochemical potentials were converted

to the RHE scale (RDeE scale) and afterwards to the overpotential

scale.

h ðVÞ ¼ 1:229 V � E ðV vs: RHEÞ (4)

h ðVÞ ¼ 1:262 V � E ðV vs: RDeEÞ (5)

Here, the potential of the ORR in non-deuterated electrolyte is

1.229 V vs. RHE and that of the ORR in deuterated electrolyte

1.262 V vs. RDeE. However, since the dissociation constant of D2O

(pKw(D2O)¼ 14.87 at 298 K) is different from that of H2O

(pKw(H2O)¼ 14 at 298 K), the pD of the 0.1MKOD can be calculated

by equation (6) and results in a pD of 13.87 in 0.1M KOD and 1.87 in

0.05M D2SO4:

pD ¼ 14:87 e pOD (6)

For the evaluation of the kinetic isotope effect (KIE) [22,37], the

ratio of the isotopic rate constantsðkH0 =k
D
0 Þ≡K

H=D was calculated via

equation (7), where C*

0 is the oxygen concentration in H2O or D2O
 

C*D
0

C*H
0

¼ 1:101 at 298 K

!

.

KH=D ¼
jH0

jD0
$

C*D
0

C*H
0

(7)

The exchange current densities (j0) were determined by using

the Tafel equation (8), where the Tafel slope

�

aF
2:303RT≡b

�

can be

obtained from the linear relation in the overpotential (h) vs. log j

diagrams (see Ref. [38]):

logðjÞ ¼ logðj0Þ þ
aF

2:303RT
h (8)

Here, a, F, R and T refer to the transfer coefficient, the Faraday

and the gas constant, and the temperature, respectively. Assuming

that a does not change in the range of the overpotentials consid-

ered, extrapolating log (j) to zero overpotential leads to the ex-

change current density j0 (see also discussion of Figs. 8 and 9). The

number of electrons transferred before (s) and in (r) the RDS in a

reaction involving a sequence of reaction steps, as present in the

ORR, was determined via the relation:

a ¼
s

n
þ rb (9)

Where b and n denote the symmetry factor in the RDS and the

stoichiometric coefficient, respectively [38].

2.4. DFT calculations

The density-functional theory based calculations were carried

out following the approach we had described previously [22]. In

brief, the gradient-corrected exchange-correlation functional ofWu

and Cohen (WC) was applied as implemented in the SIESTA pack-

age. Double-z plus polarization function (DZP) basis sets were used

to treat the valence electrons of all atoms, while the core electrons

were represented by Troullier-Martins norm-conserving pseudo-

potentials. The graphene lattice was optimized using the

Monkhorst-Pack with a 20 Х 20 k-point mesh for Brillouin zone

sampling. All energies are corrected for the basis set superposition

errors (BSSE).

3. Results and discussion

3.1. Physical characterization of the nitrided carbon spheres

TEM images of the CN catalysts (see Fig. 1) showed homoge-

neously sized spheres with an average diameter of 240± 40 nm.

Even after intense electrochemical treatment (10.000 cycles of

square wave cycling between 0.4 and 1.4 V, holding each potential

for 1 s), we found no changes in the overall structure except for a

smoothing of the surface due to oxidation of surface carbon (see

Fig. S1 in the supporting information). The stability of the spherical

shape of the catalysts was determined by statistic evaluation of the

difference between the area of the carbon spheres in the TEM im-

ages and the largest circle fitting inside the sphere, both before and

after the electrochemical treatment for more than 30 spheres each.

The resulting difference is only about 2.5% from a perfect circle
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before (2.4± 1.7%) and after (2.5± 1.2%) the electrochemical treat-

ment. Hence, the electrochemical measurement does not cause any

significant change in the overall shape of the spheres. It should be

noted, however, that TEM imaging on this scale can provide only

information on the shape stability of the spheres and does neither

resolve structural changes on an atomic scale nor gain information

on chemical changes of the surface due to the electrochemical

treatment. Previous Raman spectroscopy measurements revealed

an amorphous structure of the carbon, with a tendency towards a

turbostratic-type carbonwith increasing nitriding temperature and

thus a slight increase of the graphenic structures in the catalysts

[28]. The surface area of the catalysts, which correlates with the

electrochemical active surface areawhen assuming a homogeneous

distribution of the active sites, was determined by N2 sorption. The

resulting specific surface areas (SSA) are compiled in Table 2. They

show an increase by about 50% from CN-550 to CN-1000. This is,

however, mainly caused by an increase of the micropore surface

area, which is accessible for electrochemical surface reactions only

to a very limited extent [9,10,28]. Furthermore, electric resistance

measurements of the catalyst films revealed a rather high resis-

tance for the CN-550 catalyst, while higher nitriding temperatures

resulted in a very low electric resistance of the catalyst films, which

indicates distinct structural and electronic differences between the

CN-550 and the other catalysts [28].

The overall elemental composition and the surface composition

were characterized by CHN analysis, energy dispersive X-ray (EDX)

analysis and XPS measurements. The resulting (surface) composi-

tions of the catalysts are compiled in Table 1. For the bulk

composition (CHN and EDX), we find that the carbon spheres

consist mainly of carbon, whose relative content increases with

higher nitriding temperature due to thermal decomposition of

more volatile compounds of the spheres, which is indicated also by

the decreasing contents of hydrogen and oxygen [28]. The nitrogen

Fig. 1. TEM images of the CN catalysts after carbonization/nitriding at different temperatures as indicated in the figure.

Table 1

Elemental analysis: Bulk composition (CHN and EDX) and surface composition with

fractions of different N bonding configurations (XPS).

Sample Elemental bulk

composition/at%

Elemental surface

composition/at%

N bonding

configuration/at%

C H N O C N O Pyri. Pyrr. Gra.

CN-550 81.6 11.6 1.0 5.8 92.42 0.87 6.71 0.45 0.32 0.10

CN-700 87.0 5.8 3.6 3.6 92.21 2.54 5.25 1.29 0.86 0.38

CN-850 92.7 4.1 0.9 2.3 93.52 0.76 5.72 0.29 0.31 0.17

CN-1000 94.0 2.4 0.8 2.8 93.89 0.51 5.60 0.13 0.19 0.19

Table 2

Specific surface area (SSA), double layer charging current densities and surface re-

action charge in the anodic scan of the CVs in Fig. 4.

Sample SSA/m2 g�1 jdouble layer/mA cm�2 surface reaction charge/

mC

0.05MH2SO4 0.1M KOH 0.05MH2SO4 0.1M KOH

CN-550 527 0.04 0.10 0.00 0.00

CN-700 575 0.10 0.20 5.35 5.52

CN-850 682 0.13 0.20 2.95 5.29

CN-1000 776 0.28 0.36 2.23 5.23
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bulk content, in contrast, shows a maximum for nitriding at 700 �C

(CN-700) with 3.6 at%. Increasing the nitriding temperature to 850

and 1000 �C decreases the bulk nitrogen content to 0.9 and 0.8 at%,

respectively. This dependency on the nitriding temperature during

the ammonolysis is consistent with previous findings [39]. A

similar trend is obtained for the surface composition from the

surface specific XPS measurements (see Table 1). Hence, also the

nitrogen surface content shows a maximum for the CN-700 cata-

lysts with 2.54 at%. The surface oxygen content remains rather

constant, in contrast to the bulk composition. This can be explained

by a significant surface oxidation in air after nitriding, which con-

tributes little to the bulk composition. Focusing on the XPS mea-

surements for nitrogen, we show in Fig. 2 a-d detail spectra of the

N(1s) region with fits for pyridinic N at ~398.6 eV, pyrrolic N at

~400.1 eV and graphitic N at ~401.6 eV [11]. The corresponding

amounts of each N bonding configuration are listed in Table 1 and

illustrated in Fig. 2e and f. They show that CN-700 contains the

highest amount of N and also of each N configuration. With

increasing nitriding temperature the N content decreases, and CN-

1000 exhibits the lowest amount of total N and also of pyridinic N

(0.13 at%) and pyrrolic N (0.19 at%). The lowest amount of graphitic

N was obtained for CN-850 (Fig. 2e). Looking on a relative scale

(Fig. 2e), increasing the nitriding temperature further results in a

decrease of pyridinic N and an increase of graphitic N, whereas the

fraction of pyrrolic N remains nearly unchanged. Overall, the cat-

alysts investigated here contain only low amounts of nitrogen,

especially of the pyridinic N, which was earlier suspected to be the

key for the ORR activity of nitrided/N-doped carbon [11], while our

recent calculations indicate that electronic effects caused by

graphitic nitrogen-doping are at least equally important [22]. With

differences of about or less than 1 at% between the different N

bonding configurations, the variation in the N surface content be-

tween the catalysts seems to be little [28]. On the other hand,

structural details vary significantly with increasing nitriding tem-

perature, such as the increase of the micropore volume, the in-

crease of the overall micropore surface area and the increasing

amount of graphenic structures (see below). These structural

modifications seem to have a tremendous influence on the ORR

activity and possibly also on the nature of the rate determining step

on these Pt-free catalysts.

To probe possible changes in the adsorption behavior for the

different CN materials, we performed temperature programmed

desorption (TPD) measurements using CO2 as a probe molecule. In

general, CO2 is commonly used to identify the Lewis basicity of

materials [11,40]. The CO2-TPD spectra are presented in Fig. 3. Note

that the intensities are scaled to the specific surface area of the

respective catalysts as determined by N2 sorption. They reveal a

similar onset for desorption at about 350 K for all catalysts, with a

maximum at about 400 K. This peak position points to a medium

Lewis basicity of the CO2 adsorption sites. This is in contrast to

previous suggestions that a high basicity might be the key for the

ORR activity [11]. The CN-550 exhibits not only a high CO2 ion

current density, but also a broad peak shape, indicative of a variety

of different adsorption sites with increasing Lewis basicity, where

the latter are suspected to be more active in the ORR [11]. The TPD

measurements show the highest density of Lewis base sites for the

CN-550 catalyst, with about 5 mmolm�2, which is roughly equiva-

lent to 0.1 monolayers. This was calculated from the amount of

desorbed CO2molecules in the TPDmeasurements per surface area.

We attribute the high density of Lewis base sites to the relatively

Fig. 2. (aed) XPS detail spectra of the N(1s) region, (e) relative contributions of the

different N configurations to the total N content, and (f) total amount of N (at%) in the

surface region, as measured by XPS.

Fig. 3. CO2-TPD spectra of the CN-catalysts, with the ion currents normalized on the

SSA.
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high contents of functional groups in the CN-550 catalyst, which

are reflected also by the rather high hydrogen and oxygen contents

(see Table 1). The CN-550 sample will, however, turn out as almost

inert, which raises doubts in the simple correlation between ORR

activity and Lewis basicity of the adsorption site. Even though CN-

700 shows a similar onset for CO2 desorption, the intensity and

width of the TPD signal, and thus the amount of Lewis base sites,

are much lower than those of the CN-550 catalyst. When

comparing the CN-700, CN-850 and CN-1000 catalysts, we find a

slight shift in the peak positions towards higher temperatures,

pointing to a slightly higher Lewis basicity, with increasing

carbonization/nitriding temperature. This shift is accompanied by a

broadening of the desorption peak. In total, CN-1000 shows more

CO2 adsorptions sites with higher Lewis basicity (1.5 mmolm�2)

than CN-850 (1.3 mmolm�2) and CN-700 (0.7 mmolm�2), which

might be related to the increasing microporosity of the catalysts

and the growing amount of graphenic structures. This correlation

breaks down, however, for the CN-550 catalyst, which shows the

lowest microporosity, but the highest density of Lewis base site

(5 mmolm�2). This will be discussed further together with the ORR

results in section 3.3.

3.2. Electrochemical characterization of the nitrided carbon spheres

Fig. 4 shows cyclic voltammograms of the catalysts in Ar-

saturated acidic (0.05MH2SO4, Fig. 4a) and alkaline (0.1M KOH,

Fig. 4b) electrolyte. In these CVs, we find significant contribution

from double layer charging of the electrodes, plus broad features

associated with charge transfer due to adsorption/reduction or

surface oxidation/reduction processes. Among these is the quinone/

hydroquinone surface redox reaction (surface oxidation/reduction)

of the carbon surface, which appears at potentials between 0.4 and

0.6 V in acidic electrolyte and is typical for carbon materials [41]. In

alkaline electrolyte, the CVs are essentially featureless, in good

agreement with previous reports [42,43], but exhibit a rather

asymmetric general shape. At the cathodic potential limit, an

increasing cathodic current points to the onset of hydrogen

evolution.

First focusing on the CVs in acidic electrolyte, the CN-550

catalyst shows the lowest current densities, which agrees also

with the low SSA (see Table 2) found for this catalyst. The CV is

dominated by the double layer charging current and a beginning

hydrogen evolution below 0 V, no features related to additional

surface reactions are detected. The double layer charging current

density in the positive-going scan, which is indicated by the black

horizontal line, is around 0.04mA cm�2 (see Table 2). Going to the

CN-700 catalyst, this shows a significantly higher double layer

charging current, as indicated by the red horizontal line, and a

distinct and broad redox signal from �0.2e1.0 V. The increase in

double layer charging current fits to the trend of the increasing SSA

with increasing nitriding temperature (see Table 2), although the

difference in double layer charging is much more pronounced than

the increase in SSA (note that the current densities are normalized

to the geometric surface area, not to the SSA). We correlate this

deviation with structural differences of the CN-550 catalyst

compared to the catalysts nitrided at higher temperatures, which

are related also to the higher resistance of the catalyst film. The

latter in turn is responsible for the low double layer charging cur-

rent densities on the CN-550 catalyst. The broad redox feature

overlays with the carbon surface oxidation/reduction peak. Com-

parison with the CN-850 and CN-1000 catalysts, where this peak is

much less pronounced, indicates that this peak is typical for the CN-

700 catalyst and therefore either related to a structural feature

which is most abundant on this catalyst surface, or to the somewhat

higher nitrogen content of this catalyst compared with the other

ones. The charge density in this redox feature (see Table 2) was

determined by integrating the area above the double layer current

density (see the thin red line). Going to the CN-850 and CN-1000

samples, the double layer charging currents further increase

again, following the trend of the SSA. Similar to the CN-700 sample,

we also find distinct redox peaks, which, however, are less intense.

Their contribution will be discussed together with the CVs in

alkaline electrolyte.

The CVs recorded in alkaline electrolyte are depicted in Fig. 4b,

and the resulting double layer charging currents and reaction

charges are listed in Table 2. The double layer charging currents in

the positive going scan, which in this case are less obvious, are

again marked as horizontal lines. Compared to the CVs recorded in

acidic electrolyte, they do not show the distinct redox peak, instead

the currents decay continuously in the positive-going scan and

increase with a larger slope in the negative-going scan. The CN-550

shows again the lowest current densities and double layer charging

current densities. Different from the measurements in acidic elec-

trolyte, the CVs obtained on the CN-700 and CN-850 catalysts are

nearly identical, even though the SSA is larger for the latter catalyst.

In agreement with the higher SSA, the CN-1000 catalyst shows

again the highest overall current densities and double layer charge

current densities. Interestingly, the double layer charging currents

are significantly higher in alkaline than in acidic electrolyte

(Table 2).

Similar as for the CVs in acidic electrolyte we determined formal

reaction charges by integrating the current above the double layer
Fig. 4. CVs of CN-550, CN-700, CN-850, CN-1000 in Ar-sat. a) 0.05MH2SO4 and b)

0.1M KOH, measured at a scan rate of 10mV s�1.
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charging current, although because of the flat appearance of the

CVs they could not be correlated with a reaction peak.

In total, we find the double layer current densities to follow the

trend of the SSA and increase with increasing nitriding tempera-

ture, although the increase is much more pronounced than for the

SSA. For the charge in the redox peak, the trends are different. For

the CN-550 sample, this contribution is essentially absent, which

may be related to effects connected to the rather high electric film

resistance of that sample [28]. In acidic electrolyte, this charge

decreases with increasing nitriding temperature and with

increasing SSA, while in alkaline electrolyte it stays about constant.

The discrepancy from the development of the SSA is most likely

related to structural modifications of the (local) catalyst surface

induced by the increasing formation of micropores with increasing

nitriding temperature [28]. Another factor contributing to these

effects may be a limited accessibility of the micropores in the cat-

alysts for electrochemical surface reactions, which were considered

to be mainly responsible for the increase in the SSA with higher

nitriding temperature [9]. The discrepancy between acidic and

alkaline electrolyte indicates, however, that other effects have to be

considered as well, which so far are not identified.

3.3. Electrocatalytic results

The ORR activity and selectivity of the catalysts were deter-

mined in the RRDE set-up, using O2-saturated acidic and alkaline

electrolyte at 1200 rpm. The IR corrected current densities are

presented in Fig. 5 (acidic) and 6 (alkaline). For comparison, we also

included results obtained on a commercial Pt/C (20wt% Pt) catalyst.

Fig. 5a shows the ORR current densities (normalized to the geo-

metric surface area), 5b the ring current densities and 5c the

hydrogen peroxide yield calculated via equation (1). As expected

from the essentially inert character indicated by the CV, the CN-550

catalyst shows only low current densities, in addition to a high

overpotential (>1.0 V). Furthermore, the ORR is dominated by the

2-electron reduction to H2O2, with a peroxide yield of about 100%.

The low current densities might be caused by the low electric

conductivity of the catalyst film found previously [28] and also

indicated by the CVs above. For samples treated with higher

nitriding temperatures, the situation improves drastically. Already

the CN-700 catalyst shows a steep increase of the ORR current

starting at an about 0.3e0.35 V higher overpotential than the

reference Pt/C catalyst. Furthermore, in contrast to many other

reports for Pt-free catalysts this catalyst shows a well-established

transport limited current regime, where the current is about con-

stant. The fact that the transport limited current is only half of that

observed on the Pt/C catalyst may partly be caused by the lower

selectivity for H2O formation (see hydrogen peroxide yield in

Fig. 5c), which lowers the number of electrons transferred per

reduced O2 molecule. Going to higher nitriding temperatures, the

ORR overpotentials decrease further for the CN-850 and even more

for the CN-1000 catalyst. For the latter, it is only about 0.15e0.2 V

higher than that of the Pt/C reference. Also the transport limited

currents increase again. For the CN-1000 sample it has reached the

level of the Pt/C catalyst. The onset at 0.9 V for CN-1000 is at slightly

higher potential than found for other CN materials in acidic con-

ditions previously [11]. Furthermore, we found no correlation be-

tween the nitrogen content or the pyridinic N content and the ORR

activity. The most ORR active CN-1000 catalyst shows the lowest

nitrogen/pyridinic N surface content. Therefore, other structural

and electronic changes related, e.g., to themicroporosity, seem to be

more important for the ORR activity than the nitriding itself. This

will be discussed in more detail later.

Here it should be noted that all measurements were reproduced

several times, also with larger time spans in between. While for

immediately reproduced measurements the differences in the

general shape and in the onset potential were very small, mea-

surements with longer time spans in between showed larger shifts

of the polarization curves in the potential scale, up to 0.1 V, which

may be related to catalyst ageing effects. Nevertheless, the general

trends, in particular the differences between the different CN cat-

alysts, were very reproducible.

Another important aspect, in addition to the activity, is the

selectivity of the catalysts for the 4-electron pathway to H2O. Fig. 5c

shows that the CN-1000 catalyst exhibits the best selectivity of all

CN catalysts, with a rather potential independent hydrogen

peroxide yield between 15 and 20%, after an increase of the

hydrogen peroxide yield between 0.8 and 0.6 V, which will be

discussed in more details later. Hence, higher nitriding tempera-

tures tend to improve the selectivity for H2O, while for the lower

ones we obtain H2O2-yields of above 20%. In total, however, these

values are more than a magnitude higher compared to Pt/C.

Although practical applications would focus on the regime of lower

overpotentials, between 0.6 and 0.8 CV regime, the selectivity

needs to be improved substantially, since because of the disastrous

effects of continuous H2O2 formation on the stability of membrane

and carbon support, this would limit the long-term stability in

practical applications [44,45]. Finally, these H2O2-yields also

confirm that the lower transport limited currents on the CN-700

and the CN-850 catalysts are partly a lower electron yield due to

H2O2 formation.

The ORR measurements in alkaline electrolyte (0.1M KOH) in

Fig. 6 depict similar trends as in acidic electrolyte. All catalysts,

except CN-550, reach a transport limited current density, and also

in this case CN-1000 is the best performing CN catalyst, whose

activity is even comparable with that of the Pt/C reference catalyst.

Fig. 5. a) ORR current densities, b) ring current densities, c) H2O2-yield of the CN

samples nitrided at different temperatures and, for comparison, of a commercial Pt/C

catalyst, recorded in O2-saturated 0.05MH2SO4 (1200 rpm, 10mV s�1).
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The CN-850 and even more the CN-700 catalyst show higher

overpotentials as well as lower transport limited current densities.

The lower transport limited current densities compared to Pt/C and

CN-1000 are again attributed to the significant H2O2-yield and

contributions from inactive catalyst surface areas. It should be

noted, however, that these differences in the transport limited

currents do not affect the current densities in the kinetic region,

which are used for the kinetic analysis below.

Similar to the measurements in acidic electrolyte, the CN-550

catalysts showed the lowest ORR activity, here with an onset at

about 0.7 V, and overall low current densities. Also in alkaline

electrolyte, the major difference to Pt/C is the hydrogen peroxide

yield (Fig. 6c), which is continuously increasing with higher over-

potential, first to a plateau at about 20% (for the CN-700 e CN-1000

catalysts) and then further with increasing overpotential. This

continuous increase with increasing overpotential is different from

the results obtained in acidic electrolyte, where the peroxide yield

remained at a constant value in the range 0.6 V and �0.2 V. The

obvious change in the reaction towards a preferred 2-electron

reduction to hydrogen peroxide also affects the measured ORR

current densities in the transport limited regime (Fig. 6a), where

below 0.2 V the transport limited currents decrease slightly,

although not as much as expected from the increasing hydrogen

peroxide yield, A pronounced change in selectivity for carbon-

based catalysts in alkaline electrolyte has been reported previ-

ously for different N-doped carbon nanotube samples [46] and

metal (oxy)nitride based catalysts [9,10]. Physical reasons for this

change in the reaction pathway are, however, still unknown.

The overall trends for the ORR activity tend to be identical

comparingmeasurements in acidic and alkaline electrolytes, except

for CN-550, which is inactive in 0.05MH2SO4 but shows an ORR

onset at about 0.7 V in 0.1M KOH. Furthermore, when changing the

electrolyte from acidic to alkaline we see a change in the onset

potential for CN-700 and CN-850 from 0.7 V to 0.9 V, for CN-1000

from 0.9 to 1.0 V. This pH dependency, in addition to the correc-

tions of the potential included by using the RHE potential scale,

already demonstrates a major influence of the proton transfer in

the rate determining step (RDS) in contrast to Pt/C catalysts [25].

The strong influence of the nitriding temperature on the ORR

activity and selectivity in alkaline and acidic electrolyte can, in

addition to the N content, be attributed to the structural differences

between the materials. The increase of the micropore volume/

porosity and of the amount of graphenic structures can cause major

changes in the geometric and electronical structure of thematerials

and, thus in the ORR activity. This would fit to the results of our

recent study, which indicated that carbon atoms at the edges of

micropores in graphene structures act as active sites for the ORR

[37]. In that case, an increase in the amount of micropores and

graphenic structures might explain the higher current densities for

the catalysts nitrided at higher temperatures. The increase of the

ORR activity is also correlated with a slight increase in the density

and basicity of Lewis base sites, where the latter is indicated by the

CO2 desorption temperature. The CN-550 catalyst, however, does

not show this correlation between ORR activity and microporosity

on the one hand and density of Lewis base sites on the other hand.

We attribute this discrepancy to the rather high content of func-

tional structures in the CN-550 sample, reflected also by rather high

amounts of hydrogen and oxygen, and hence the absence of active

graphenic structures. Hence, the exact influence of changes in the

pore structure and the amount of nitrogen sites in the carbon

structure is still unclear.

More insight on the physical origin of the rather high hydrogen

peroxide yields and their potential dependence is obtained from

density functional theory (DFT) based calculations. Here we

analyzed the free Gibbs energy of the reaction along the possible 2-

and 4-electron pathways of the ORR, which result in formation of

H2O2 and H2O, respectively. This kinetic analysis, which does not

consider additional kinetic barriers, but only the difference in Gibbs

Free energy between different reaction steps, is based on the model

introduced by Nørskov and coworkers [47]. Here the onset poten-

tial for an electrochemical process is determined by the minimum

potential where there are no upwards steps in the Gibbs free en-

ergy along the reaction pathway (Fig. 7). As described in detail in

Ref. [22], we consider a graphene sheet with a pore of about 1.5 nm

in diameter as microscopic model of the CN catalyst, where the

inner edges contain zigzag- and armchair-type of the H-terminated

carbon or nitrogen atoms. For the present work the graphene sheet

is doped with a low concentration of graphitic nitrogen (g N) atoms

of 0.4 at%. This model had been successfully used to describe the 4-

electron oxygen reduction on N-doped carbon based electrocatalyst

and its non-linear dependence on the N-doping level, with a

maximum activity at low doping levels [22]. The reaction takes

place at carbon edge atoms, favored by the modified electronic

density due to N-doping. For high amounts of graphitic nitrogen,

we found that this structure leads to a too strongly bound O…OHad

intermediate, thus inhibiting efficient ORR processes [22].

Looking at Fig. 7, the situation of ‘no uphill steps’ is reached at

0.86 V in the 4-electron pathway. At this potential the formation of

OOHad, which involves the first PCET step, is neutral in DG (relative

to gaseous O2), while the 2nd and the 4th step are already exer-

gonic. For a more detailed discussion see Ref. [22]. Furthermore, the

DFT calculations demonstrated that at low graphitic N concentra-

tion the first step for an efficient ORR process involves adsorption of

the molecular oxygen at the zigzag-type carbon site of the pore

edge in an on top configuration, followed by or together with an

electron transfer. These results are insofar in agreement with an

Fig. 6. a) ORR current densities, b) ring current densities, c) H2O2-yield of the CN

samples nitrided at different temperatures and, for comparison, of a commercial Pt/C

catalyst, recorded in O2-saturated 0.1M KOH (1200 rpm, 10mV s�1).
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earlier theoretical analysis of the ORR on various N-doped carbon

materials by Terakura and coworkers, as those authors also re-

ported O2 adsorbed in an on top configuration as most stable [48].

In contrast to our work [22], however, they used a non-porous

graphene layer.

In the present work we additionally also calculated the pathway

for H2O2 formation (2-electron pathway, equation (10)), to obtain

information on the physical origin of the lower selectivity of the

ORR on the CN materials, which is indicated by a dashed line in

Fig. 7.

2H2 þ O2 / 2H2 þ O2,ad /
3/2 H2 þ OOHad / H2 þ HOOHad (10)

Based on these calculations, the ORR on the CN catalysts pro-

ceeds predominantly via the 4-electron process in the range of low

overpotentials (0.8 V vs. RHE in Figs. 5c and 6c), in good agreement

with our experimental findings. At this potential the formation of

adsorbed H2O2 is endergonic and significantly less favorable than

the competing formation of Oad and H2O (gas phase). Formation of

H2O2,ad becomes neutral in DG only at 0.39 V. Hence, oxygen

reduction in a 2-electron process to H2O2 is kinetically unfavorable

in this picture for potentials larger than 0.39 V vs. RHE (green line in

Fig. 7). It should be noted, however, that also for this potential the

pathway via Oad and H2Oad seems to be much more feasible, since

this state is more stable than H2O2,ad. The further increase of the

overpotential (U< 0.39 V) opens the 2-electron pathway of ORR.

Neglecting additional barriers, the H2O2-yield should be constant in

situations where the free energies of H2O2,ad and of Oad þ H2O are

both uphill with respect to the preceding step or both downhill (or

equal). A change in H2O2-yield would be expected in the potential

range where the free energies of H2O2,ad is still uphill, while that of

Oad þ H2O is flat or downhill. This would mean that we expect an

increase in H2O2-yield at potentials between about 0.9 V and 0.4 V,

while at lower potentials (¼ higher overpotentials) it should be

potential independent. This agrees rather well with the

Fig. 7. Free Gibbs energy diagram for the oxygen reduction reaction to H2O2 (dashed

lines) and H2O (solid lines) at the zigzag edge of the pore of a N-doped graphene layer

a with central pore serving as CN model catalyst, with a low concentration of graphitic

N (0.4 at%). The energies of the intermediates are based on scaling relations [47]. The

free energy diagram is shown at four different potentials vs. RHE: U¼ 0 V (black lines),

corresponding to the largest overpotential of 1.23 V; U¼ 0.39 V (green lines), corre-

sponding to the largest potential where formation of H2O2 is possible; U¼ 0.86 V (red

lines), corresponding to the largest potential where formation of H2O is possible; and

the equilibrium potential U¼ 1.23 V (blue lines). Dashed and solid lines correspond to

the 2-electron process with formation of H2O2 and the 4-electron process with for-

mation of H2O, respectively. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

Fig. 8. ORR currents on the different CN catalysts (a, c, e) and Tafel plots of the current densities in the kinetically controlled region (b, d, f) in O2-saturated 0.05MH2SO4 (black) and

D2SO4 (red) at 1200 rpm and 10mV s�1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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experimental observations for reaction in acidic electrolyte, while

in alkaline electrolyte additional effects must be responsible for the

continuous increase at potentials <0.4 V.

On the first view the above calculations show no direct corre-

lationwith the experimentally observed trend of an increasing ORR

activity and also selectivity for H2O formation with increasing

carbonization/nitriding temperature. Based on the XPS measure-

ments (Fig. 2), all of the CN catalysts exhibit a rather low overall

nitrogen content on the surfaces. Even though the CN-700 catalyst

has a slightly higher surface nitrogen content than the other ones,

the variation is small compared to that in our previous study [22],

where the surface N content reached up to 24%. Also, the activity

does not seem to increase with increasing N content, and also not

with increasing pyridinic N content. The most active CN-1000

catalyst has only a fraction of the amount of N in total and of pyr-

idinic N compared to the CN-700 catalyst. It rather appears that the

ORR activity is related to structural and electronic effects. In

additional measurements we found that CN-550 has a rather high

electric film resistance, which would be in contrast with a (defec-

tive) graphene-like structure. Considering also that with increasing

carbonization/nitriding temperature the ORR activity increases, we

tentatively propose that the increase in ORR performance is related

to a more perfect doped graphene-like structure at higher

carbonization/nitriding temperatures, as it is assumed in the cal-

culations. Hence, the electronic effects enhancing the ORR activity

at C edge sites of the doped graphene become increasingly effective

in the absence of other defects in the graphene. Further theoretical

work is necessary to substantiate this proposal, including the in-

fluence of the changes of the porosity and defect structure of the

materials. Nevertheless, the combined experimental and theoret-

ical results seem to indicate that pyridinic N atoms do not represent

the active sites for the ORR in these CN materials. Instead, the re-

action seems to take place on C edge atoms of the N-doped gra-

phene like material. The simultaneous influence of structural and

electronic effects clearly demonstrates that the ORR activity on CN

based materials is rather complex.

For the kinetic analysis of the ORR on the different CN catalysts,

we determined and evaluated the Tafel plots of the kinetic current

of the measured ORR IeU curves and compared them with the

results of similar ORR measurements in deuterated electrolytes.

This also allows for an evaluation of the exchange current densities

j0 and of the kinetic isotope effects (KIEs), where both represent

effective values, comprised from a small contribution from the 2-

electron pathway and a dominant contribution from the 4-

electron pathway. The resulting ORR curves and Tafel plots in

normal and deuterated electrolytes at high and low pH are pre-

sented in Figs. 8 and 9, the evaluated (effective) KIE values and

exchange current densities are compiled in Table 3. Here we focus

Fig. 9. ORR currents on the different CN catalysts: (a, c, e) and Tafel plots of the current densities in the kinetically controlled region (b, d, f) in O2-saturated 0.1M KOH (black) and

KOD (red) at 1200 rpm and 10mV s�1. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Schematic overview of possible RDS in the ORR (ET: electron transfer, PT:

proton transfer, PCET: proton coupled electron transfer). Dashed arrows indicate the

two possible pathways for the ET step, as described in the text.
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on the currents in the kinetically controlled region at low over-

potentials and do not consider those at higher overpotentials,

approaching the region of the mass transport limited currents. The

former were found to be well reproducible, while the latter can

differ depending on the individual catalyst film due to different

transport properties of individual catalyst films. The independence

of the measured currents in the kinetically controlled currents from

the mass transport is demonstrated in Fig. S2 (supporting infor-

mation), which shows that the currents in the kinetically controlled

regions do not depend on the rotation rate. It should also be noted

that the essentially linear relation between overpotential h and log j

in these figures supports our above assumptions of essentially

constant values of the transfer coefficient a and the number of

electrons transferred in the RDS and of an essentially constant ratio

of the contributions from the 2-electron and the 4-electron

pathway in the range of overpotentials evaluated. Also, this

assumption of the independence of the selectivity from the kind of

water system is demonstrated in Fig. S2 in the supporting infor-

mation, where both current densities (deuterated and normal

water system) are the same at the onset potential.

In acidic electrolyte (Fig. 8 and Table 3), we found a distinct

difference between the ORR in normal and deuterated electrolyte,

which is especially visible in the Tafel plots (Fig. 8b, d, f). This dif-

ference is well reproduced in the KIE values, which are ~7, ~3 and ~2

for CN-700, CN-850 and CN-1000, respectively, and hence depend

on the nitriding temperature. Thus, all three catalysts show an in-

fluence of the proton transfer on the RDS, which can therefore be

defined as proton-coupled electron transfer step (PCET, see Fig. 10).

Even though the absolute KIE values are subject to errors caused by

the extrapolation in the Tafel plot evaluation, the trend is identical

to that obtained from direct comparison of the kinetically

controlled currents. In both cases the KIE is highest for the CN-700

sample, lower for the CN-850, and lowest for the CN-1000 elec-

trode. The decrease of the KIE with increasing nitriding tempera-

ture points to a decreasing dominance of the proton transfer step as

RDS. Obviously, the ORR activity benefits from a lower influence of

the proton transfer on the RDS. Thus, the different nitriding tem-

peratures, although not changing the amount of nitrogen drasti-

cally, and the structural changes significantly affect the mechanism

of the ORR on nitrided/nitrogen-doped carbon. It should be noted

that we cannot distinguish from these data between a change in the

overall ORR process with increasing carbonization/nitriding tem-

perature, and a situation with an increasing contribution from a

second pathway with a lower KIE. More insight into correlations

between structural and mechanistic changes in the ORR would

require amore detailed structural characterization of the surface, in

combination with theoretical calculations.

Moving now to the ORR in alkaline solution, the situation is

quite different. In contrast to the reaction in acidic electrolyte, we

find for all three CN catalysts a KIE of about 1, thus, no effect of the

deuterated electrolyte (Fig. 9). The ORR curves as well as the Tafel

plots are nearly identical, independent of the nitriding tempera-

ture. Hence, the ORR mechanism on nitrided carbon is most

probably the same for all catalysts and not effected by the changes

due to the nitriding at different temperatures, at least in the

measured range of low overpotentials. The KIE value of 1 reflects a

different RDS in alkaline electrolyte than in acidic electrolyte. In

this case the RDS is not influenced by the proton transfer. Instead,

following previous findings for related materials [22], it is attrib-

uted to the first electron transfer (ET), as shown in Fig. 10. Hence,

the overpotential is determined by the electron transfer rather than

by a proton-coupled-electron transfer, as it was observed in acidic

electrolyte.

Furthermore, evaluation of the Tafel plots delivers information

on the amount of electrons transferred before and in the RDS, if we

assume that the symmetry factor in the RDS, b, is largely identical

for all three catalysts. In acidic electrolyte, the Tafel slopes of CN-

700, CN-850 and CN-1000 decrease from 160 to 140 and 120mV

dec�1, confirming the before mentioned transfer of one electron in

the RDS for the CN-1000 catalyst in acidic electrolyte (with

a¼ b¼ 0.5). In this case, the RDS refers to the first PCET, since the

number of electrons transferred before the RDS, s, equals zero.

Accordingly, the deviations between the Tafel slopes for the three

catalysts can be explained either by a change in the electron

transfer in the PCET of the RDS, which is little likely, or by a change

in b. The Tafel slopes in alkaline conditions show the opposite trend

and decrease with increasing nitriding temperature from 120mV

dec�1 for CN-700 to 60mV dec�1 for CN-1000. Hence, they show

differences in the RDS for the catalysts at high pHwithout influence

of the proton transfer. Assuming again bz 0.5, the slopes result in 1

transferred electron in the RDS for CN-700, which in combination

with the results from the KIE analysis identifies the first ET as RDS

(s¼ 0). For the CN-1000 catalyst with az 1.0, different assign-

ments are possible. Considering again also the results of the KIE

analysis (KIE¼ 1), we favor also in this case the first ET as RDS,

which thenwould results in a value of b close to unity. Independent

of the above assumption, the change in Tafel slope points to a

pronounced change in the reaction process, modifying either the

symmetry factor in the RDS and/or the number of transferred

electron exchanged before the RDS.

In the reaction pathway illustrated in Fig. 10 the ORR on the CN

catalystswould follow the PCET pathway in acidic electrolyte, while

it would proceed sequentially in alkaline electrolyte, with an ET

step as RDS, followed by a PT step. Here we would like to note that

we cannot distinguish between an ET process starting at O2, where

electron transfer occurs during adsorption, and an electron process

starting at O2,ad, where the electron transfer starts at adsorbed O2,

indicating the existence of two metastable adsorption states, O2,ad

and O2
*�

ad, although intuitively the former one seems to be more

probable. Both possibilities are indicated by the dashed arrows in

Fig. 10. Furthermore, we also cannot distinguish between a

continuous change of the KIE value in acidic electrolyte due to

changes in the energetics or an increasing contribution from a

second reaction pathway with lower KIE values at higher carbon-

ization/nitriding temperatures.

Overall, the kinetic analysis of the ORR on the different CN

catalysts provided detailed information on the mechanism of the

ORR and the nature of the RDS on these materials, even though a

direct correlation between their structure and the ORR processes is

not yet possible.

4. Conclusion

Aiming at a more detailed understanding of the ORR on N-

doped carbon catalysts we have systematically investigated the

surface structure and composition, electrochemical properties and

Table 3

Exchange current densities and the kinetic isotope effects (KH/D) on the different CN

catalysts.

Sample j0
H/nA cm�2 j0

D/nA cm�2 KH/D

pH 1

CN-700 13.96± 0.54 2.25± 0.11 6.8± 0.5

CN-850 5.87± 0.31 2.07± 0.16 3.1± 0.3

CN-1000 17.21± 2.09 9.73± 0.71 1.9± 0.6

pH 13

CN-700 0.53± 0.01 0.47± 0.02 1.2± 0.1

CN-850 2.17± 0.06 2.16± 0.05 1.1± 0.1

CN-1000 9.73± 0.37 9.81± 0.15 1.1± 0.2
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ORR performance as well as correlations between these properties

of a series of nitrided/N-doped carbon spheres with an overall low

N content on the surface (<3 at%), which were prepared via the

same hydrothermal process from glucose solution and subsequent

nitriding in NH3, using different carbonization/nitriding tempera-

tures. The study involved a combined experimental and theoretical

approach, involving mainly a kinetic analysis of the ORR and of

kinetic isotope effects under continuous electrolyte flow and a ki-

netic analysis based on DFT calculations of the reaction in-

termediates. In combination with using various methods for

physical and electrochemical surface characterization such as XPS,

N2 sorption and CV, this led us to the following main new insights

and results:

1. The ORR activity was found to increase with carbonization/

nitriding temperature, with the CN-1000 catalyst being most

active with an onset potential very close to that of the Pt/C

reference catalyst (0.9 V/1.0 V in acidic/alkaline electrolyte). The

selectivity for the 4-electron pathway to H2O, however, which

decreases to about 80% with increasing overpotential in acidic

electrolyte, needs further improvement.

2. For these catalysts with rather similar N surface content we

found no clear correlations between ORR activity on the one

hand and the total N surface content or the content of pyridinic

N surface species on the other hand, which previously were

proposed as active site. Structural aspects as induced by the

increasing SSA, higher microporosity or indicated by increasing

amounts of graphenic structures were found to play an impor-

tant role for the ORR activity, possibly by increasing the amount

of active pore edge sites. The latter may act also as Lewis base

sites.

3. Kinetic analysis (Tafel analysis) and analysis of the kinetic

isotope effect (H-D exchange) reveal significant effects of the pH

on the reaction mechanism, indicating an PCET step as rate

limiting step in acidic electrolyte (KIE> 1), but an initial electron

transfer (ET), followed by a proton transfer (PT) in alkaline

electrolyte (KIEz 1). Comparison with DFT calculations in-

dicates that under acidic conditions the electron transfer

coupled protonation of adsorbed O2,ad to formOOHad acts as rate

determining step (RDS) and the electron transfer to form O2
*�

ad

under alkaline conditions, respectively.

4. Structural effects, introduced by the different carbonization/

nitriding temperatures, do not alter these general findings, but

affect the size of the kinetic isotope effect in acidic electrolyte,

decreasing with increasing carbonization/nitriding temperature

and hence with increasing ORR activity. We cannot distinguish,

however, whether this reflects a continuous change in KIE value

or a relatively decreasing contribution from a second pathway

with a rather high KIE value.

5. Kinetic analyses of the theoretical results are in good agreement

both with the activity of these CN catalysts and also with the

potential dependent behavior of the ORR selectivity, where the

H2O2-yield increases after the onset, but remains constant at

potentials below 0.4e0.5 V. For reaction in alkaline electrolyte,

additional effects must be responsible for a further increase of

the H2O2-yield with further increasing overpotential. The good

agreement in trends between experiment and theory supports

also the correctness of the model used here, consisting of a

porous graphene layer with a small number of substitutional N

atoms, which due to electronic effects significantly increase the

ORR activity of the C edge atoms.

Overall, these new results and insights demonstrate on the one

hand the sensitivity of these CN catalysts towards various different

parameters, on the other hand they also show their potential as Pt-

free ORR catalysts.
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