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1 Introduction 

1.1 Challenges of Energy Generation, Storage and Conversion 

The development of a modern civilization, as we know it today, started in the mid-18th 

century with the industrialization. Since this time, up to the present day, the economic 

development and progress are accompanied by an increasing demand of energy. The main 

energy sources to satisfy this demand are still fossil fuels like coal, oil and gas. Not before 

the end of the 1970s, when the oil crisis had a deep impact on the world economy and the 

social life, especially in the western world, a serious search for alternative energy carriers 

had begun, mainly, to become less dependent from the main oil producing countries 

(Organization of the Petroleum Exporting Countries, OPEC). Moreover, a growing 

awareness of ecological problems and the establishment of environmental standards as 

well as for the climate protection, first time proclaimed in the United Nations Framework 

Convention on Climate Change (UNFCCC) in the 1990s [1], pointed out the need for 

renewable energy sources. Here, the direct conversion of solar energy, wind and water 

power into electricity are the most explored and promoted examples, to achieve the agreed 

goals. 

Besides restricted emissions for the industry and some social areas, also the dramatically 

increased individual mobility and thus the various means of transportation have to cut 

down on the fuel consumption and emissions to minimize the impact on the climate 

change. Regarding the automotive industry, mainly, the reduction of CO2 emission as an 

environmental pollutant is in the focus of research and development. However, 

optimization of the internal combustion engine has reached its limits and the remaining 

problem of decreasing exploitation of fossil fuels, here especially oil, demands for 

alternative drive concepts. Nowadays, the main effort of the automotive companies is 

directed towards electromobility, developing the concepts of the so called hybride 

technology by combining a combustion engine with the energy storage via Li-batteries, 

the application of fully electrical battery cars, and the conversion of chemical into 
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electrical energy, which can be achieved via fuel cell technologies. The development of 

battery based cars had been pushed enormously in the last decade, since a rapid increase 

in capacity, charge / discharge performance and in driving range was achieved. However, 

the recent performance characteristics, especially, the driving range of less than 200 km, 

do not meet the requirements of modern transportation, since further significant 

enhancement of the specifications mentioned above, as reduced charging time, increased 

driving range and lighter overall weight is not achievable with the present materials. Even 

for a short range application, e.g., for urban transportation, or a more extended range 

application in a hybrid car, the charging process still relies on the common energy grid 

and thus on the energy sources mentioned above. Additionally, a public power supply 

network for an on the road re-charging, similar the gas station network, has to be installed 

or improved. 

To be rather independent from fossil fuels and to efficiently use renewable energy sources, 

the fuel cell technology provides the most promising approach for an almost zero emission 

transportation [2]. This “new” technology was actually invented first in 1839 by Grove 

[3] and Schönbein [4], and the basic principle is still applicable: the electrocatalytic 

reaction between hydrogen and oxygen gas to H2O (Reac. 1-1) on a metal, specifically, 

platinum electrodes, where the electrons released in anodic hydrogen oxidation are 

transferred to the cathode for oxygen reduction via an external circuit and can be used as 

electrical energy. Although oxygen is present in large amounts in the air, hydrogen, in 

contrast, has to be produced with a high purity, since impurities, such as CO can lead to 

blocking or poisoning of the anode catalyst [5–8]. Therefore, two main approaches for H2-

production are developed and applied. The first one depends again on the fossil fuels, 

since hydrogen is produced by crude oil or natural gas reforming, which makes further 

purification from CHx, CO as well as sulphide species necessary. The second way is water 

electrolysis, which produces only O2 and H2 without any impurities, but requires itself 

high amounts of electric energy. Therefore, the latter is proposed to be generated from 

renewable energy sources. Excess capacities in the energy production can be utilized as 

the most cost effective energy source for water electrolysis. In the following, different 
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aspects of the fuel cell technology, focusing on the electrode reactions and assessing the 

advantages, but also the drawbacks, which are still present, will be discussed. 

1.2 Proton Exchange Membrane Fuel Cell – Electrode Reactions 

A brief overview on the electrode reactions occurring in low temperature fuel cells, 

investigated in model studies as well as in practical applications, will be given first, 

demonstrating the advantages and disadvantages of state of the art electrodes. Since the 

low temperature fuel cell, which is aimed for automotive applications, was the main 

motivation of the present work, the electrode processes related to the proton exchange 

membrane fuel cell (PEMFC) will be described.  

The 

overall reaction (Reac. 1-1) consists of the anodic oxidation of H2 (hydrogen oxidation 

reaction HOR) and the cathodic reduction of O2 (oxygen reduction reaction ORR), where 

the first one is a 2 e- process with a standard potential of 0 V and the second one is a 4 e- 

process with a standard potential of 1.23 V [9]. As mentioned before, the electrons formed 

during the anodic oxidation of H2 (Reac. 1-2), are transported via an external circuit to the 

cathode side. The protons required for the formation of water in the cathodic reduction of 

O2 (Reac. 1-3) in a PEMFC are transported via a proton-conducting membrane, mostly a 

Teflon-like, sulfonic acid functionalized polymer, e.g., Nafion. 

 

Reac. 1-1 

Reac. 1-2 

Reac. 1-3 



4  

 

The 

HOR (Reac. 1-2) is a well-understood reaction with almost no kinetic hinderance on Pt-

based catalysts [10–12] and other Pt-group metals [13]. Commonly, homogeneously 

distributed Pt nanoparticles, supported on high surface area carbon materials, which 

provide a high electronic conductivity, are used [14,15]. The electrocatalytic performance 

of Pt shows a rather low overpotential of 0.05 V [16], resulting in fast kinetics on this 

noble metal. The overpotential defines the extent of the polarization, which is present due 

to a deviation of the cell or electrode potential from the potential at thermodynamic 

equilibrium, during charge transfer at the phase boundary electrode / electrolyte and which 

is needed to drive a reaction at a certain rate. The mechanism of the HOR proceeds via the 

same (reverse) reaction steps as the intensively studied reversed reaction, the hydrogen 

evolution reaction (HER), where the intial step of reductive H+ adsorption is called the 

Volmer step. Subsequently, two reaction paths are known [17–19]. First, the Heyrovsky 

reaction between Had and H+ from the electrolyte to form H2 in a Eley-Rideal like 

mechanism. The possible second reaction, the Tafel reaction, corresponds to a Langmuir-

Hinshelwood type mechanism, since the H2 evolution requires two adsorbed Had on 

adjacent sites [20]. The Tafel reaction is the energetically more favourable reaction path 

on Pt(111) and other Pt surface for the hydrogen oxidation reaction [13]. The limitations 

for the HOR appear mainly in the technical aspects. Since this reaction takes place at low 

potentials, blocking effects, due to impurities in the H2 feed gas (see above), inhibit or 

may even disrupt the reaction [21‒23]. Since both H2-production methods mentioned 

above, water electrolysis and fossil fuel reforming with the subsequent cleaning to remove 

CO and other impurities, lead either to clean hydrogen or to an amount of impurities of 

less than 10 ppm, respectively, the poising aspect is nowadays almost negligible [24]. 

However, to use the anode more efficiently when this Pt site blocking species is present, 

a CO oxidation promoting second metal is often used, leading to bimetallic catalysts. This 

second metal serves already at low potentials as oxygen, or more precisely, hydroxide 

source, necessary for the oxidation of CO to CO2, which leads to a bifunctional 



 5  

 

mechanism, as introduced by Watanabe et al. [25]. The most prominent second metal is 

ruthenium [21,26–28], but also Fe, Ni, Co and Mo are known to fulfill this task [29]. A 

second drawback in anodic HOR originates from the fuel cell stack setup, which includes 

the connection of a certain number of single fuel cells in parallel. As a consequence, this 

can lead to fuel starved regions at the anode at the start as well as at the stop of the 

operation of the whole cell [30,31]. This can temporarily cause very high potentials at the 

electrode and a reversal in the fuel cell polarity due to the presence of O2 from air at the 

anode site, which now activates the ORR. Consequently, the anode as well as the cathode 

catalysts are rapidly degrading, due to high-potential induced carbon support oxidation 

and Pt dissolution [32]. Relief can be provided via an alternative oxidation reaction such 

as water oxidation, which may occur on additives, e.g., RuO2, rather than on the noble 

metal catalyst itself [33].  

The cathodic reduction of molecular oxygen, displayed in a simplified scheme above 

(Reac. 1-3), is the more crucial reaction in a PEMFC and will be the main topic of this 

thesis. The commonly used catalyst is again carbon supported Pt, since the interaction of 

Pt with O2 weakens the O–O bond effectively, leading to dissociation of adsorbed 

molecular oxygen. Simultaneously, a facile desorption of the protonated product H2O is 

guaranteed, resulting in a good activity, following the Sabatier principle, as shown in 

comparison to other metals by Nørskov et al. [34]. Despite the theoretical high reaction 

turnover, the rather slow electrocatalytic kinetics of the ORR on pure Pt leads to a high 

overpotential of about 0.30 V, since the protonation and electron transfer steps are 

kinetically hindered by too strongly adsorbed oxygen species at potentials close to 

equilibrium [35–37]. 

Since the interaction of oxygen with the Pt surface in the oxygen reduction reaction has 

the main influence on the reaction kinetics, the understanding of the energetics and the 

elementary steps of the ORR, developed in various studies in computational chemistry, 

will be described briefly. Here, most of the work is dealing with Pt(111) surfaces, although 

other low index orientations of Pt like (100) or even (110) are known to be more active 

for the ORR [38,39]. Most studies, experimental and theoretical, agree on the first electron 
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transfer to be the rate determining step (rds) [40,41], but how this first transfer is realized, 

either solely or coupled with simultaneous protonation, is still under debate. Nevertheless, 

the most important and reaction pathway directing process occurs upon the adsorption of 

molecular oxygen, which is either molecular or dissociative, where the latter leads to the 

direct reduction to water and the former to H2O2, either as intermediate or as product, 

which will be described later in detail (chapter 2.3.2.2; Fig. 2-3). Here, different energy 

barriers are determined for the subsequent electron / proton transfer steps when starting 

with O–O or with a single oxygen atom bonded [42,43]. Moreover, the adsorption 

configuration of the di-oxygen molecule on the surface, linear bonding or bridge bonding, 

defines the further reaction path [40-42]. A direct potential dependency on the adsorption 

step is still under discussion. 

The opposite reaction of the ORR (Reac. 1-3), the oxygen evolution reaction OER, is 

subjected to the same sluggish kinetics and thus high overpotentials [44]. Since this is an 

anodic reaction, high positive potentials have to be applied to reach high current densities 

and sufficient rates of molecular oxygen formation, leading to high input power as well as 

increased stress for the electrode material (see next chapter). Most often used electrodes, 

in both, acidic and alkaline media, are noble metal oxides of Ru, Ir, Pd, Rh and Pt (in order 

of decreasing overpotential) [45,46] , perovskites [47] and a broad pool of so called 

heterogeneous electrocatalysts based on iron group (8 to 10) mixed metal oxides [48]. The 

importance of this reaction is mainly related to the cathodic process in water electrolysis, 

the H2 evolution, since hydrogen will be needed as fuel of the future. Therefore, 

economical H2 production and thus highly efficient water splitting, including the OER, 

shows the importance of the O2 / H2O reaction (Reac. 1-3) and its more detailed 

understanding. 

1.3 Pt-based Catalysts for the ORR – Activity / Selectivity vs. Stability 

The insight from the computational chemistry, confirming the experimental ORR data on 

a single crystaline Pt(111) electrode [35,38,39], emphasized the key role of the Pt–O 

interaction for the ORR activity. This interaction is mainly influenced by the electronic 
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state of the Pt surface, in particular to lower the initial energy barrier of O2 dissociation 

and thus to increase the ORR activity as well as selectivity, displaying the ratio of 

complete (H2O) to incomplete (H2O2) reduction of molecular oxygen [49]. For further 

understanding of the ORR mechanism on Pt catalysts, various approaches to modify the 

key parameters for activity enhancement, in particular the electronic state of the catalyst 

metal surface, are suggested. The commonly used approach to tune the electronic structure 

of the electrode material is the addition or insertion of foreign metals, which vary the 

electron density (d-band vacancy) or induces strain (Pt−Pt distance) effects, although both 

are not separable. For bulk alloys or metal monolayers the geometric strain effect causes 

a lattice mismatch, and thus an expansion or compression of the Pt lattice [50,51], which 

leads to an upshift of the d-band center in the first case and a downshift in the second case, 

respectively, and thus a change in the density of states (DOS) at the Fermi level [52]. The 

electronic effect itself is generated by a transfer of electron density between Pt and the 

foreign metal, which also leads to a change in the DOS [53]. Finally, the interaction with 

molecular oxygen is changed, e.g., leading to a lower barrier for the O–O dissociation, as 

demonstrated for various surface alloys theoretically [54,55] and experimentally 

[51,56,57]. This is not only true for surface alloys of single crystal or bulk electrodes, but 

was also shown for nanoparticle alloys [58–60] and binary metal compositions [61], as 

well as for core-shell particles [62–64]. However, the addition of a foreign metal, e.g., by 

alloying, also results in some disadvantages. First of all, the synthesis is often hardly 

transferable to an industrial scale, or it is too expensive. Second, and a more crucial point, 

is the stability of these systems. Especially the often used core-shell particles show a 

leaching of the second metal [65–67], wven if this is not done by purpose during a pre-

treatment procedure. Moreover, subsequent surface segregation may also result in an 

undefined change in the skin composition [68,69]. This may finally lead to a loss in 

electrochemically active surface area (ECSA) and thus to a significant drop of the ORR 

activity. However, in contrast to the studies mentioned above, systems with a bulk or core 

alloy and an additional skin layer of Pt, were also reported to posess a higher stability and 

an enhanced activity compared to pure Pt [70,71]. 
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A comparable increase in the activity can also be reached by a variation in the particle size 

of the pure Pt nanoparticles, as widely reported in the literature [72–76]. Most of the 

literature agrees in a non-linear dependence of the ORR activity on the Pt particle size, 

with a maximum activity for Pt particles of about 3 nm. For smaller Pt particles a steep 

decrease in the activity was observed. Going to bigger Pt particles, the activity drops first 

more drastically, and later approaches an almost constant level [72]. This can be explained 

by the size dependent ratio of differently ORR active Pt low index basal planes, since for 

very small particles the less active Pt(111) orientation is more dominant, whereas, going 

to slightly bigger particles, Pt(100) is more favorable, leading to an increase in 

activity [74,76,77]. Notably, the electrolyte used itself also plays an important role, since 

the adsorption strength of so called spectator species, e.g., anions, varies drastically on the 

different low index facets [78]. Moreover, undercoordinated sites, present in a higher 

amount on these small particles, are showing a lower binding energy for oxygen, which 

results in less kinetic hindrance of the ORR [79,80]. For bigger particles, larger than 

10 nm, the effect of the different surface facets becomes less important, especially in terms 

of the specific activity (Pt surface normalized), while the mass activity even decreases. 

Consequently, the particle dispersion on the support has a more dominant effect on the 

overall activity [78].  

Additionally, the particle size has also an important effect on their stability, since the size 

influences strongly the three main processes known for catalyst degradation [81], Pt 

dissolution, particle growth and particle agglomeration [82,83]. The first one, Pt 

dissolution, depends on the feasibility of oxidation of the nanoparticle surface, which is 

directly related to the surface energy. Particularly, a higher surface energy present for 

smaller particles shifts, according to the Gibbs-Thomson effect, the Pt dissolution 

equilibrium to lower potentials [84–86]. As a consequence, the oxide layer formed has no 

passivation effect anymore, but rather is a dissolution precursor. As a result the ECSA 

decreases for smaller particles more strongly, leading to a more pronounced loss in the 

ORR activity. For application in a PEMFC this is even more crucial, since re-deposition 

of Pt in the membrane, due to reduction of dissolved Pt2+ and Pt4+ via H2 crossover, may 
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occur and damage the membrane layer [87–89]. The second degradation effect, particle 

growth due to the Ostwald ripening, depends again on the dissolution stability. Here, 

dissolving small Pt particles act as a source of Pt ions, which are re-deposited on other Pt 

nanoparticles, which would lead to growth of the remaining Pt particles. Clearly, this so 

called 3D Ostwald ripening [90], also depends on the particle size / surface energy 

relation. 

Finally, particle agglomaration, where smaller particles diffuse over the surface of the 

support to unite with bigger particles, is more related to a higher surface mobility of 

smaller particles [91,92], and also leads to a loss of electrochemical accessible particle 

surface and thus a decrease of activity. This particle clustering due to particle migration is 

promoted by the loading, where higher loading leads to a higher rate of aggregation, and 

the corrosion of the support material [93]. Such a support corrosion induced catalyst 

degradation is also the main reason for Pt particle detachment [94] and thus loss of the 

ORR performance. For the commonly used carbon support, its oxidation takes place 

already at 0.207 VRHE [32,95]. 

 

A 

kinetic hindering, due to the surface passivation, which generates on the other hand the 

required C−O precursors for CO2 formation, causes a high overpotential for the first 

reaction (Reac. 1-4). Thus, CO2 formation can be observed at potentials starting at about 

0.8 V0 and higher [96,97], which is in the potential region of fuel cell cathode operation. 

Even higher and thus more corroding potentials up to 1.40 V are known to be reached 

under start / stop conditions at the cathode, which will be explained in detail later. 

Moreover, Roen et al. [96] confirmed the catalytic impact of Pt on carbon oxidation. 

Reac. 1-4 

Reac. 1-5 
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Furthermore, the described carbon corrosion behaviour strongly depends on the kind of 

carbon used, as summarized in a review article by Antolini [98]. First, the pre-treatment, 

e.g. thermal, of high surface carbon (carbon black) already affects the corrosion stability 

significantly [99–101]. Second, the nanostructuring of carbon leads to graphitic network, 

which increases the carbon support stability [102,103]. Especially, carbon nanonotubes 

(CNTs) have been investigated extensively [104–106], but also recent studies about 

graphene or graphene oxide show promising results [107,108]. 

Summarizing briefly, the electrode and thus the PEMFC stability and long-term durability 

strongly depend on the Pt degradation mechanism and on the support degradation. 

Therefore, a compromise of activity versus stability has to be reached, in particular for 

automotive applications. Here, standards of the U.S. DOE Fuel Cell Program, the 

Japanese NEDO Fuel Cell Program and the European Fuel Cells and Hydrogen Joint 

Undertaking are set as a framework for research and development. Main targets for 2020 

are the decrease of the amount of Pt group metals (PGM) from currently 0.150 mg cm−2 

to 0.125 mg cm−2 on the electrode surface, where the first number is related to a Pt3Ni 

catalyst applied as reference from studies by Debe et al. [109,110]. The second aim is 

stated in the mass activity at 0.9 V at 80°C in a H2 / O2 full cell, following the studies of 

Gasteiger et al. [111], where a mass activity of about 0.44 A mg−1
PGM is targeted. This 

goal is already reached as well as exceeded for different systems reported, including pure 

Pt [78,112] and PtxMey [113]. As the last main key parameter, the activity and ECSA loss 

during 30,000 cycles in a potential range of 0.6 to 1.0 V is aimed to be less than 40 %. 

This value is already reached for nanostructured thin film catalysts (NSTFs) of Pt and Pt-

alloys, since here is no support corrosion, which could promote the catalyst degradation 

[114]. 

The most recent announcement of Toyota to introduce a low-scale production of fuel cell 

vehicles (FCV) shows that the state-of-the-art of fuel cell performance already allows the 

commercialization of this technology. Nevertheless, the costs are still high, since the 

momentary early stage of market introduction will be a low-volume process, leading to 

higher production costs per car. Nevertheless, the main criterion to be cost-effective is the 
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long-term durability of the fuel cell stack. Individual test protocols have been applied by 

different groups investigating the catalyst stability. Nowadays, the standards set by the 

above mentioned governmental institutions create the framework of accelerated 

degradation test (ADT) protocols used for catalyst durability characterization, which are 

summarized in various reviews [115,116]. For model catalyst investigations, two major 

fuel cell operation schemes are usually simulated. First of all, the driving operation, where 

the fuel cell is operated continuously at a certain current density, is represented by a 

potential window up to 1.00 V and a lower limit of 0.40 to 0.60 V. This stress test, 

performed over a long time or a large number of triangular wave cycles (TWC), mainly 

depends on the scan velocity applied [117,118]. A shorter cycle time is equal to a shorter 

dwell on a certain potential applied, leading to smaller degradation of the electrode. This 

in turn is reflected by a corresponding variation of the ECSA and the ORR activity. The 

second and most widely applied ADT protocol, where start-stop behaviour is simulated, 

leads to a different result. Here, the upper potential limit is increased to values of about 

1.40 to 1.50 V, which are approached at the start of a fuel cell, during the already 

mentioned reverse cell operation, caused by fuel starvation and air at the anode side. The 

rising demand of protons at the anode is satisfied by the alternative reactions of oxygen 

evolution (water electrolysis) and carbon corrosion at the cathode, resulting in high 

potentials on the latter electrode [31]. The simulation is performed by the square wave 

cycling (SWC), where the dwell time at the potentials applied plays a less important role 

for the accelerated degradation, but rather the upper potential limit itself, since at 

potentials above 1.00 V the degree of Pt surface oxidation is one of the key parameters. 

Therefore, an increased oxidation potential in combination with longer dwell time induces 

the highest rate of degradation [119]. Notably, the degradation also depends on the lower 

potential approached. since a repetitive reduction of the oxide layer formed takes 

place [119–121]. The reuction of partly protecting passivation layer leads to the various 

degradation mechanisms of Pt nanoparticles, described above. Additionally, the high 

oxidation potentials promote the carbon corrosion drastically [122]. Other PEMFC 

degrading aspects, such as water management (relative humidity and subfreezing 

temperatures), mechanical stress and chemical stability (radicals of the ORR by-product 
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hydrogen peroxide), should not be discussed here for brevity, but are described in detail 

elsewhere [115,123]. 

As already mentioned in the previous chapter (1.2), for the OER, which is the reverse 

reaction of the ORR, high positive potentials (above 1.50 V) have to be applied 

permanently to gain sufficient activity. Here, the often used noble metals, e.g., Pt and their 

oxides [124], as well as the binary, ternary or even quaternary compositions of group 8 to 

12 metal oxides suffer from a severe increase of the overpotential with time [125]. 

Therefore, alternative catalysts, mainly based on transition metal oxides, as well as their 

modified derivatives, in particular, mixed oxides [48] and N-doped materials [126], are 

used as novel OER catalysts, with a promising long-term stability, which will be discussed 

in more detail in the next chapter. 

1.4 Alternative ORR Catalysts – The Support Effect and Pt-free 

Catalysts 

The issues discussed above emphasize the significance of the catalyst stability for the fuel 

cell durability. As described in detail in the related reviews [115,116], besides high ORR 

activities [127] long-term durability has always to be considered. The increase in lifetime 

is one approach in research and development towards more cost-effective cathode catalyst. 

Another approach, pursued in recent years, aims to replace Pt by non-noble metal or even 

by metal-free materials. Pt-free ORR catalysts are mainly based on graphitic 

nanostructures as modified CNTs or graphene. The ORR activity of these and other non-

precious metal catalysts (NPMCs) in alkaline media has been widely reported [128–130]. 

Additionally, Dodelet et al. developed Fe- and Co-coordinated graphite configurations 

which are active even in an acidic environment [131-134]. Similar to PGM based 

catalysts, the DOE stated also benchmarks for the NPMCs and especially the mentioned 

iron-containing pyrolytic (Fe/N/C) systems. Here, the benchmark value is referring to the 

activity per volume of the supported catalyst, which is 300 A cm−3 at 0.80 V up to the year 

2020 (state-of-the-art 60 A cm−3). Moreover completely metal-free, heteroatom doped 

nanostructured carbon catalysts, such as S- / P-doped multi-walled carbon nanotubes 
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(MWCNT) [135], N-doped MWCNT [136], ordered mesoporous carbon nitrides (OMCN) 

[137] and carbon alloy catalysts (CAC) [138], show a certain, but still far too low ORR 

activity in an acidic environment with a current onset at about 0.70 V. Moreover, a 

stronger dependence of the ORR selectivity on the amount of catalyst, compared to 

Pt-based catalysts, is observed, since less active sites are available per area unit for O2 

dissociation in those catalysts, which leads to significantly higher H2O2 yields [139]. Thus, 

the high reactivity of the hydrogen peroxide, which is present at higher amounts during 

the ORR on these carbon based materials, as well as the easily oxidizable carbon scaffold, 

lead to faster degradation of the catalyst [139,140]. In another approach for ORR active 

NPMCs Ota et al. developed transition metal oxide based ORR catalysts, mostly using 

reactive metal sputtering [141,142]. The non-stoichiometric and thus defect containing 

oxides show a low ORR activity, 100 times lower than that of the carbon systems, but 

exhibit a promising ORR onset at about 0.80 V, as well as a high resistance against 

corrosion [141]. A further activity enhancement can be achieved via modification with 

nitrogen and / or carbon, as demonstrated by the same group in extensive studies of the 

ORR on tantalum oxynitrides [143,144] and carbonitrides [145,146], but also on other 

modified oxides [147–149]. For all oxide systems, however, the main disadvantage is the 

poor electrical conductivity of these semi-conducting materials, which lowers the activity 

significantly. Even the modifications mentioned above do not improve this crucial aspect 

sufficiently. Therefore, carbon is often mixed with oxides to create a conductive network 

and increase the activity [149]. The same is true, if the oxide materials are used as a 

support for Pt particles [150]. However, the advantage of the non-corrosivity of the oxide-

based materials is partly reversed by the addition of carbon. 

Only when going to higher, nitride-like nitrogen contents, the conductivity increases 

significantly. These oxynitride-, or even nitride-based materials have not been reported as 

ORR catalysts, but rather for the opposite reaction, the OER. In particular, oxynitrides of 

tantalum are reported to possess a good long-term stable O2 evolution activity [151-154]. 

But also investigations on titania based materials for photo(electro)catalytic and 

electrocatalytic water splitting were reported [155,156]. 
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As already mentioned, a main approach to obtain cost-effective catalysts can be achieved 

via an increase in their lifetime. This is often accomplished by applying oxides as a 

non-corrosive support materials. There are various reports dealing with Pt nanoparticles 

supported by NbOx [157], SnOx [158], TaOx [159] and their modified derivatives for the 

enhanced stability. The most widely investigated oxide is TiO2, which is also studied in 

this thesis [150,160–163]. The main disadvantage is, similar to the Pt-free oxide catalysts, 

the low conductivity of the support. 

Nevertheless, oxides as support materials for metal particles possess besides the corrosion 

resistance another advantage, since they can result in a strong metal–support interaction 

(SMSI), as proposed in the late 70s by Tauster et al. [164]. This way they can modify the 

noble metal catalyst activity [165,166]. Although, the findings of this group for the gas 

phase catalysis and the herein applied reaction conditions are not completely transferable 

to the electrochemical environment and potential induced processes, the effect of the oxide 

support on the metal particle is nowadays also established in the electrochemical 

community, even using the above mentioned term SMSI. Tauster et al. studied ad- and 

desorption properties of TiO2 supported noble metal particles. They found a well-

detectable effect, e.g., on H2 adsorption for Pt/TiO2 [164,167], under reducing conditions, 

assuming that the reduced noble metal is responsible for a SMSI. This effect was 

explained in two ways. First, assuming the formation of a bond between the metal and 

titanium in the oxide lattice, due to an overlap of the occupied d-orbitals of the metal and 

the unoccupied d-orbitals of the Ti4+ species [164], available due to low-coordinated Ti at 

the surface. However, no orbital vacancy at the d-orbital of Ti is present; in fact, a d-

orbital induced shift of the electron density between both was only shown in the direction 

from the oxide or its derivative to the metal at the interface, lowering the Pt d-band 

vacancy [168]. Ho et al. [169] even showed the efficiency of a decrease in Pt d-band 

vacancy via the SMSI, by comparing the shift of electron density induced by Co in a 

carbon supported CoPt alloy catalyst and the ability of electron density transfer of the 

oxide support to Pt. The latter was even more effective. 
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The second explanation for the SMSI by Tauster et al. [164] was related to a formation of 

an intermetallic compound as PtTi3, generated at the applied elevated temperatures of 

about 500 °C. This perspective is also obsolete, since the spectroscopic analysis showed 

that a high temperature induced migration of suboxidic titania species leads to an 

overgrowth of the metal particle by a layer of TiOx on the metal particle, which causes the 

altered sorption behaviour of, e.g., H2 [166,170,171]. Nevertheless, the transfer of electron 

density from the metal to the metal oxide is well-accepted, not only exclusively for 

transition metal (TM) oxides, as shown in the review by Fu et al. [172]. 

Furthermore, in the late 80s Vayenas et al. [173] proposed a so called non-Faradaic 

electrochemical modification of chemical activity (NEMCA), also originated by an altered 

electronic state of the noble metal, which was expressed in their work via the work 

function. They claimed that an increased work function, due to a spillover of oxygen 

anions from the oxide support, serving as a solid electrolyte, to the metal catalyst, 

decreases the activation energy of the O2 dissociation and thus increases the reaction 

activity. This reaction activity enhancing effect of oxygen spillover as well as the 

subsequent reverse spillover, as called by Vayenas et al. [174], was mainly investigated 

in gas phase catalysis on ceramic, solid electrolyte support materials as yttria-stabilized 

zirconia [175]. Therefore, it is also not really transferable to the above described 

electrocatalytic systems and reactions with a solid electrode / electrolyte interface, but 

points also to a support induced modification of the electronic properties of a metal 

particle surface [176]. 

More important for this thesis, the metal–support interaction described above was 

supposed to lead to an increased electrocatalytic activity and was therefore investigated 

by various groups, first to transfer the gas phase observation to an electrochemical point 

of view, since an initial electronic effect of the oxide on the metal catalyst was confirmed 

by various physical characterization methods. In studies of the Alonso-Vante group 

reported for Pt nanoparticles supported on WO3 and TiO2 in comparison to carbon 

supported ones [177–179], an electronic effect was identified from the shift of the Pt(4f) 

XPS signal. For both oxide supported Pt catalysts the binding energy (BE) of Pt0 
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down-shifted by almost 0.3 eV compared to Pt/C [179], which is in good agreement with 

earlier studies on Pt/TiOx [167], considering that the described systems were always a mix 

of oxide with carbon. This trend was reflected in the oxidation potential of a pre-adsorbed 

CO layer (COad stripping), which was also lowered, here by almost 0.10 V, indicating a 

higher electron density at Pt, due to the interaction with the oxide, leading to a lowering 

in the Pt–CO bonding strength [177]. Moreover, the ORR activity increases slightly [178]. 

Considering a higher stability of the Pt catalyst by the oxide support, this slight 

enhancement in ORR performance has a significant effect on the long-time durability of 

the cathode. Similar results were observed by various other groups [163,180–182]. Also 

fuel cell applications of the oxide supported Pt catalysts were already demonstrated, 

showing slightly worse initial performance, but better long-time performance 

[150,160,181]. Moreover, reports of other oxide support materials as tantalum oxide 

[159], niobium oxide [157] and tungsten oxide [183], reveal a similar trend as observed 

for titania. 

It must be stated again that the results mentioned above were obtained for carbon-added 

metal oxides [150], to overcome the conductivity problems. Another class of oxide based 

support materials pursues a similar approach, in particular composite materials of carbon 

and oxides. This involves not simply physical mixing of carbon with TiO2 or Pt/TiO2, but 

a chemical reaction forming a layer of TiOx, which covers a carbon core and thus offers a 

direct contact between metal and oxide. The application of two types of carbon materials 

is most often reported. First of all, high surface area carbon black powders, are commonly 

used as support for Pt nanoparticles. They are suspended in short chain alcohols and in 

situ covered with titania via a sol-gel process. Subsequent Pt decoration is performed by 

various methods, such as impregnation with Pt ion solution and subsequent reduction 

under H2 atmosphere [184], deposition of pre-formed particles [185] or photo-assisted 

reduction of metal ions [186]. Except for the latter one, however, the deposition 

exclusively on the oxide is not guaranteed for these composites, since a closed TiO2 layer 

on the single carbon particle is usually not reached [186]. Hence, the aspect of Pt catalyzed 

carbon corrosion is still evident. The second approach employs nanostructured carbon 
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materials as support backbone with an initially higher corrosion resistance, due to their 

graphitic structure. Here, the most prominent example are carbon nanotubes [98,105]. 

Most of the synthesis routes include a first step of acid induced surface functionalization. 

The resulting C–OH, C–OOH and C=O surface termination enhances the hydrophilicity 

and thus promotes the sol-gel synthesis of TiO2 at the CNT interface [187,188]. Here, the 

subsequent Pt deposition, via the routes mentioned above and other ones, is performed 

starting with an almost completely covered surface, leading to the desired metal–oxide 

interaction. Summarizing, both synthesis approaches described above result in an 

increased conductivity due to the carbon network formed [189]. Moreover, the influence 

of the oxide layer on Pt is reflected in the Pt(4f) binding energy (XPS) [190] and the lower 

potential of COad electrooxidation [186]. An increased stability of such catalysts has also 

been also reported [189,191]. Such an approach of carbon/oxide composites is also 

pursued in this thesis. 

1.5 Outline of the Thesis 

The above short overview about PEM fuel cell related electrocatalysts and, in particular, 

the various reports on the cathodic oxygen reduction reaction and its drawbacks, as well 

as the imminent automotive market introduction of the fuel cell technology, show the 

necessity of further research and development in this field. Especially, the reduction of 

the catalyst cost, including long-term stability as well as the replacement of the expensive 

noble metal Pt, was a great motivation for this thesis. 

Therefore, the first objective of the present work was to gain further insight into the 

enhancement of the cathode stability, employing titania based support materials and apply 

and develop further accelerated degradation test protocols for simulating driving operation 

and start-stop performance, under consideration of the benchmarks and stated future 

targets of the automotive industry and the governmental institutions. Due to the known 

interaction of oxide support materials with the metal particles, in particular the transfer of 

electron density from the oxide to the metal at the interface, a special focus was laid on 

the identification of the electronic effect and its impact towards the electrocatalytic ORR 
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activity. For that purpose electrochemical model systems were designed and developed, 

to induce and vary this metal–oxide interaction under well-controlled reaction parameters. 

For the syntheses development, for the most part performed by the group of 

Prof. N. Hüsing, Institute of Materials Chemistry, Salzburg University, the improvement 

of the low conductivity of the oxide itself via modification with carbon was set as the main 

task, however, without a loss of increased stability, gained on the oxide support. 

The second main aspect of this work, the replacement of Pt and other noble metals as 

catalytic active material, was investigated electrochemicaly and electrocatalytically, 

determing the properties of the oxides and their derivatives. Here, their possible 

application as Pt-free ORR catalysts (low temperature N-modification), as well as oxygen 

evolution catalysts (high temperature N-modification) was assessed, where the 

modification of the surface via heteroatom doping, namely, nitrogen and carbon, was 

applied as material synthesis strategy to achieve this goal. A detailed study on the 

dependency of the OER and ORR activity and selectivity, for the latter, on the amount of 

nitrogen and carbon dopant, as well as their species present after temperature treatment, 

was examined extensively via physical and electrochemical / electrocatalytic 

characterization. 

Regarding the above scopes and the results achieved the structure of thesis is organized 

as follows: 

First, in the next chapter (2) the experimental description of the syntheses, either 

performed in Salzburg (brief description) or in Ulm (2.1), the applied characterization 

methods (2.2), with a brief respective explanation, and, more detailed, the electrochemical 

as well as the electrocatalytic characterization methodology (2.3) are presented. The 

subsequent four chapters (chapter 3 to 6), representing already published articles, as 

indicated by a short pre-face at the beginning of the single chapters, are individually 

introduced by a brief description of the respective background and summarized separately. 

Moreover, the Supporting Information or Supplementary Data, published together with 

the respective article, are added at the end of each chapter. 
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In chapter 3 Pt-free oxide-based materials as oxygen reduction reaction and hydrogen 

peroxide oxidation and reduction active catalysts are described. The materials, synthesized 

in Ulm, are based on sol-gel formed TiOx, which are in situ modified with N and C, 

originating from the thermal decomposition of urea. In the presentation of the results and 

the respective discussion the focus is set on the identification of the various nitrogen and 

carbon species, generated via different calcination temperatures and their relation towards 

the mentioned electrocatalytic activity. Therefore, a main part of this chapter focuses on 

the detailed XPS analysis (3.3.2). In the second part, the electrocatalytic performance on 

O2 reduction and H2O2 reduction / oxidation was related to the knowledge of the surface 

composition gained before, in particular, the nitrogen species present. My personal 

contributions to this publication were to plan and partly perform the synthesis of the 

N-doped materials.  

Looking at the reverse reaction of the ORR, the oxygen evolution reaction, again 

N-modified titania was used. In chapter 4, high temperature synthesized titanium 

oxynitrides (TiOxNy; synthesized in Salzburg) were tested and evaluated towards their 

electrochemical and electrocatalytic behaviour and in particular their stability, in the high 

potential region in order to perform water electrolysis. The discussion consists of two 

main parts, where the first one offers a detailed physical characterization (4.3.1) for a 

comprehensive understanding of the structural conditions. The second part includes the 

electrochemical analysis (4.3.2), with a focus on determining in situ the O2 evolution, by 

using a thin layer flow cell combined with a mass spectrometer, called differential 

electrochemical mass spectrometry (DEMS), as well as the electrode/catalyst degradation.  

The following chapter 5 describes the applicability and the effect of TiO2, N/C-doped 

TiOx, similar to those described in chapter 3, and a carbon covered composite of the 

modified oxide (all synthesized in Salzburg) as support materials for Pt nanoparticle 

cathode catalysts. Next to the comprehensive physical, electrochemical and 

electrocatalytic characterization (5.3.1 to 5.3.3), determining a metal–support interaction, 

the catalyst stability under accelerated degradation tests, simulating drive cycles and start-

stop condition, respectively, are addressed (5.3.4).  
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In the last chapter (6), the synthesis (performed in Ulm), characterization and performance 

of a model system for Pt particles loaded on TiO2 using different methods, are described 

to address metal‒support interaction. In contrast to the oxide supported Pt catalysts 

investigated before, an electrochemically deposited thin layer oxide film was used as a 

model support. Moreover, a comparison of three different Pt deposition methods, namely 

physical deposition of pre-formed nanoparticles, electrochemical deposition and UV-

assisted Pt deposition on this oxide substrate was performed. Both consecutive synthetic 

steps aimed to achieve a better insight into the already mentioned metal−support 

interaction. Therefore, in the first part of this chapter, the formation of a well-defined thin 

titania film via potential induced deposition is discussed, evaluating different deposition 

protocols using SEM (6.3.1). This is followed by a description of the three above 

mentioned Pt deposition methods, used for the film electrode fabrication (6.3.2). 

Moreover, the electronic effect of a metal–support interaction is probed via detailed XPS 

measurments, and its impact on the electrochemical and electrocatalytic behaviour is 

illustarted via the performance in the electrooxidation of a pre-adsorbed CO layer, which 

is monitored by on-line mass spectrometric analysis (6.3.3). The applicability of these 

model catalysts in the oxygen reduction reaction was additionally examined using a dual 

thin layer flow cell double-disk electrode.  

Finally, the whole thesis is summarized (chapter 7), considering the aims and scopes 

described in the introduction. In particular, the results as well as the conclusions of the 

individual chapters will be related to each other and generalized, considering the main 

theme of a cost-effective durable PEMFC cathode catalyst development. 
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2 Experimental 

2.1 Synthesis and Preparation Methods of the Catalysts 

The synthesis procedures were developed further and mainly performed in the group of 

Prof. N. Hüsing, more precisely, by Dipl. Chem. M. Wassner, at University of Salzburg, 

Institute of Materials Chemistry. The nitrogen modified titania catalysts described in 

chapter 3 were synthesized at Ulm University, Institute of Surface Chemistry and 

Catalysis. The latter is also true for the electrodeposition of titania films, the Pt 

nanoparticle formation by various methods and their deposition onto the corresponding 

supports. 

2.1.1 Oxide Synthesis and Modification 

The first synthesis route, applied for simultaneous nitrogen and carbon doping of titania, 

follows the approach of Chen et al. [192], using titanium n-butoxide both as Ti-precursor 

and as C containing reagent and urea as N and in smaller content as C source. Briefly, 

urea (9.0 g) was dissolved in water (Millipore MilliQ, 18.2 MΩ cm, 100 ml, 0.15 M) and 

the Ti-precursor (13.1 g, 0.04 M, molar ratio M(Ti) : M(N) = 2 : 15) was added dropwise 

under vigorous stirring. After continuous stirring overnight (ca. 12 h) and aging of the gel 

(24 h), the synthesis product (TiO2−(x+y)NxCy) was dried at 80°C for 12 h. 

For the calcination procedure, an aliquot of the resulting white powder was placed in a 

porcelain crucible and put into a muffle furnace (Ströhlein Instruments HTC1600), which 

was heated up (0.5°C min−1) from room temperature to the desired temperature (175, 200, 

225, 250, 300, 350 and 400°C) under a N2 atmosphere, kept at this temperature for 3 h 

and then cooled down slowly. The elemental composition of the resulting material was 

examined by XPS (see 3.3.2), whereas, for each annealing / XPS measurement a fresh 

oxide sample was used. The same synthesis and calcination procedures were applied for 

two other N : Ti molar ratios (5:2, 30:2), modifying the amount of urea. The application 

of these materials as Pt-free catalysts is described in chapter 3.3. 
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In the second approach, the metal oxide support was synthesized via a sol-gel route 

following the work of Yang et al. [193]. TiCl4 (1.9 g) was added to a mixture of the 

surfactant P123 (1 g) and ethanol (10 g) and stirred for 2 h. The resulting sol was aged for 

2 days at 40°C in a Petri dish and calcined at 500°C leading to pure TiO2 (Reac. 2-1).  

 

Nitrogen and simultaneous carbon doping was achieved by the use of urea, which 

thermally decomposes to ammonia (see Fig. 3-2) as N-doping agent and to CO, again, in 

analogy to Yang et al. [193]. In this case, TiCl4 (1.9 g) was added to a mixture of the 

surfactant P123 (1 g) in ethanol (10 g) and urea (0.9 g). After stirring for 2 h, the sol was 

aged for 2 days at 40°C in a Petri dish and heated in air at 250°C (0.5°C min−1, 3 h, air), 

resulting in the sample TiOxNyCz (Reac. 2-2). Note that the final calcination leads to a 

partial removal of the carbon introduced by the addition of P123. 

 

The low conductivity of these samples was increased by raising the amount of carbon. For 

that purpose, the surfactant P123 was partially pyrolyzed by the heat treatment at 800°C 

under Ar atmosphere (3°C min−1, 2 h) rather than being partly removed by calcination in 

air, which leads to a shell of carbon around the N/C modified titania (C/TiOxNyCz , Reac. 

2-3). 

 

The performance of the materials, produced via this synthesis route are described in 

chapter 5. For the Pt/C catalyst as reference material high surface area carbon black, 

Vulcan XC72, was used. 

Reac. 2-1 

Reac. 2-2 

Reac. 2-3 
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Next to the surface N-doping, a bulk modification with nitrogen was applied, too. This 

was performed using commercially available TiO2 (P25; Degussa) and gaseous NH3, 

comparable to the approach of Pozo-Gonzalo et al. [194]. Here, titania (0.3 g, 3.76 mmol) 

was placed in a Ar-saturated reactor in a tubular furnace and heated up under ammonia 

(Air Liquide, purity ≥ 99.98 vol.%) atmosphere to the respective synthesis temperature 

(700°C, 800°C, 900°C and 1000°C) with 5 K min-1. The flow of NH3 was adjusted to fill 

the reactor volume completely within the different heating times. When the desired 

temperature was reached, different ammonia flow rates were applied (42, 83, 167 and 250 

NmL min−1). These conditions were kept for 2 h. Afterwards, the samples were cooled 

down in an ammonia atmosphere (50 NmL min-1) to 200°C and then in an argon 

atmosphere to room temperature. 

Consequently, the materials are noted, regarding the combination of temperature and 

ammonia flow rate, as follows: TiO2_temperature_flow rate. 

2.1.2 Platinum Nanoparticle Formation and Deposition 

Three different methods for the formation of Pt nanoparticles were employed in this work: 

the deposition of colloidal metal particles on a support material, the UV-assisted 

deposition of Pt nanoparticles on a TiO2 film electrode, and the in situ electrochemical 

deposition on the oxide support layer immobilized on the electrode surface.  

For the first route, unsupported Pt nanoparticles were synthesized via a polyol method, 

which is described in detail elsewhere [185]. Briefly, dihydrogenhexachloro-

platinate(IV)-hexahydrate (0.02 mM) was dissolved in ethylene glycol (0.50 ml), and the 

solution was added to an ethylene glycol solution (50 ml) containing NaOH (0.5 M, 1 g). 

The mixture was heated up to 160°C for 3 h under reflux and N2 flow, cooled down rapidly 

and acidified with 0.1 M HClO4, until the dark brown solution became slightly yellow and 

the colloidal Pt nanoparticles were formed. Afterwards, the required amount of support 

material was added (calculated loading: 20 wt.% Pt, the exact loading was determined via 

subsequent ICP-OES), and the mixture was ultrasonicated for at least 3 h. After filtration 

and cleaning with water, the powder was calcined at 200°C for 2 h under N2 atmosphere. 
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The performance of these Pt/support catalysts is described in chapters 5 and 6, in the latter 

chapter also unsupported Pt nanoparticles were investigated. 

The second route for nanoparticle formation and deposition was involved direct on a metal 

oxide film immobilized on a glassy carbon substrate, as described in detail in chapter 6. 

Such a method allows photo-induced Pt nanoparticle formation directly and exclusively 

on the UV active oxide, in contrast to the deposition of pre-formed nanoparticles described 

above and the electrodeposition procedure explained later (2.3.3.3), where Pt can be also 

deposited onto a bare GC substrate. Due to its higher conductivity, the latter is eveb more 

preferred. Briefly, for the UV deposition of Pt nanoparticles again the Pt-chlorocomplex 

salt was used (0.1 mM in 0.5 M H2SO4). In one case we used 20 ml of this stock solution 

in a quartz glass beaker, in another case a mixture of 0.1 ml Pt-salt solution in 19.9 ml 

water was mixed in that vessel. In both cases 10 vol% methanol (2 ml) was added to this 

solution as oxidative reagent. Subsequently, the TiO2/GC electrode was immersed in this 

solution and illuminated with UV-VIS light from a 200 W Hg(Xe) arc light source (LOT-

QD) for 30 min. 

The electrochemical deposition of Pt nanoparticles will be described together with the 

electrochemical protocols in chapter 2.3.3. 

2.2 Physical Characterization of the Catalyst Materials 

To determine the morphology, structure, crystallinity and composition of the different 

materials, various characterization methods were applied, which will be described in the 

following chapters. 

2.2.1 Nitrogen Sorption Analysis (Brunauer-Emmett-Teller BET) 

The applied synthesis conditions, e.g., the solvent and the calcination temperature, as well 

as the Ti-precursor, namely alkoxides of various alkanes or halide salts, influence strongly 

the specific surface area (SSA) and the formation of micro-, meso- and macropores of the 

oxide materials. Therefore, nitrogen sorption analysis was performed to determine the 
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surface area as well as the presence of pores. This method is based on the adsorption 

isotherm. It was developed by Brunauer, Emmett and Teller (BET) [195], and describes 

the equilibrium between adsorption and desorption in dependence on the partial pressure 

at a constant temperature.  

n

nm

 = 
c ∙ p

(p
0
 −  p) ∙ [1 + (c −  1) ∙ 

p
p

0

]
 

 n: molar amount adsorbed at equilibrium [mol] 

 nm: molar amount of one monolayer adsorbed [mol] 

 C: e−(ΔadH + ΔVH) RT⁄ ; 

 R = gas constant 8.3415 [J K-1 mol
-1

]; T = temperature [mol]; 

  ∆adH = adsorption enthalpy [J]; ∆VH = condensation enthalpy [J] 

 p: pressure at equilibrium [bar] 

 p
0
: saturated vapor pressure [bar] 

 

Determination of different ratios of the partial pressure of a probe molecule (here: N2), at 

ambient temperature and at −196°C, leads to the molar amount adsorbed at the surface, 

which can be correlated directly to the specific surface area. Considering the reversibility 

of the adsorption isotherm, it is possible to identify the pore size and volume, using the 

Barrett-Joyner-Halenda (BJH) analysis [196,197]. Here, the evaluation is commonly 

performed by using the Kelvin equation: 
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Eq. 2-1 

Eq. 2-2 
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where the sum of the reciprocal radii is replaced by the Kelvin radius rk and a term t 

representing the multilayer thickness (Eq. 2-3b: spherical pore, Eq. 2-3c: slit-shaped pore), 

obtained from data of a similar surface area, non-porous material. 

1

r1

+
1

r2

 = 
2

rk

 = −
RT

σ1 g ν1
 ln (

p

p0
) 

rk = rp −  t 

rk = dp −  2t 

 ri: curvature radius of the liquid meniscus [m] 

 rk: Kelvin radius [m] 

 rp / dp: pore radius/width [m] 

 t: multilayer thickness [m] 

 ν1: molar volume of the liquid condensate [m3] 

 σ1 g: surface tension of the liquid condensate [N m-1] 

 p: pressure at equilibrium [bar] 

 p
0
: saturated vapor pressure [bar] 

 

Assuming either cylindrical or slit-like pore shapes, as well as a direct relation of the 

meniscus curvature to the pore width, the equation is modified and the isotherms can be 

classified for assessing the kind of pore present. Macropores (d > 50 nm) are identified as 

type II, mesopores (2 nm < d < 50 nm) as type IV and microspores (d < 2 nm) as type I 

isotherms. Also mixtures of the three most often appearing classes are possible [198]. 

The BET analysis was used for the current density normalization of the oxynitride OER 

catalysts in 4 and the oxide based Pt support materials described in 5.3.1. It was performed 

Eq. 2-3a 

Eq. 2–3b 

Eq. 2–3c 
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in a Micromeritics ASAP 2420 instrument. The samples were first de-gassed in vacuum at 

a temperature of 200°C for 3 h, then cooled down, and finally N2 sorption was measured 

at −196°C. BET evaluation was performed via the 5-point method in the relative pressure 

range of 0.05 to 0.3 p/p0. The analysis was done by Tech. Ass. M. Suljic at the Institute of 

Materials Chemistry, Salzburg University. 

2.2.2 CHN Elemental Analysis 

For the determination of the elemental composition two different methods were used. The 

first one was the CHN elemental analysis, where the contributions of hydrogen, nitrogen 

and carbon are evaluated via their oxidation products, mainly H2O, CO2 and NO2. The 

product gases are separated via a gas chromatograph and quantified by a thermal 

conductivity detector (TCD). This method was applied for the doped catalysts and support 

materials in chapters 4 and 5, respectively, using a Vario Micro Cube by Elementar 

Analysensysteme GmbH, via thermal decomposition at ca. 1000°C in an oxygen 

containing environment. The measurements were performed by Tech. Ass. M. Lang at the 

Institute of Analytical and Bioanalytical Chemistry, Ulm University. 

The second tool for identification of the material composition is the surface sensitive 

X-ray photoelectron spectroscopy, which is described in the next chapter. 

2.2.3 X-Ray Photoelectron Spectroscopy (XPS) 

The X-ray photoelectron spectroscopy is a surface sensitive analytical method based on 

the photoelectric effect [199]. Briefly, electrons from the inner orbitals are excited by 

photon-radiation and are ejected with a certain kinetic energy. According to Eq. 2-4 the 

element specific binding energy can be determined considering the work function of the 

spectrometer. 

BE = hν −  Ekin −  ϕ 

 BE: binding energy [eV] 

 h: Planck constant; 4.136∙10
-15

 [eV s] 

 ν: frequency [s-1] 

Eq. 2-4 
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 Ekin: kinetic energy [eV] 

 ϕ: work function [eV] 

 

Moreover, two other phenomena occur upon electron emission, as the empty orbital can 

be refilled by electrons from higher orbitals. The released energy either results in X-ray 

fluorescence, or in emission of another electron, the so called Auger electron, which is 

detected via its kinetic energy. The latter is independent of the incident X-ray energy. 

The core electron binding energy of an element strongly depends on the chemical 

environment, which results in the so called chemical shift (typically in the range of 0 to 3 

eV), due to a partial transfer of the electron density and thus a change in oxidation state 

of therespective atom. Therefore, the determined binding energies identify both, the 

element and its chemical environment, where the latter reflects both the chemical bonding 

as well as other kinds of material–material interaction. Additionally, due to the low mean 

free path of the excited electrons, the XPS is a very surface sensitive method (penetration 

depth ca. 30 Å) to investigate the near surface composition. 

The XPS measurements were performed with a Physical Electronics PHI 5800 Multi 

ESCA System, using monochromatized Al-Kα radiation (1486.6 eV). All spectra were 

obtained at an electron emission angle of 45°, the angle of the incoming X-rays (with 

respect to the surface normal) was also 45°. The pass energy was set to 93.90 eV 

(29.35 eV) for the survey (detail) spectra. In order to compensate for charging effects, the 

sample was neutralized with electrons from a flood gun (currents between 3 and 20 µA). 

The XPS analysis of the material was performed in all three main chapters to identify the 

surface composition, the chemical environment, especially for the N- and C-doping 

(chapter 3), the nitrogen high temperature modification (4.3.1) and the effect of the metal–

support interaction (chapter 5.3.1 and 6.3.2). 

Since the XPS analysis was one of the main characterization tools, the sample preparation 

and data evaluation is described in more detail in the following. The binding energies of 

the XPS signals were calibrated by using the C(1s) signal at 284.8 eV as an internal 

reference. The XPS measurement was performed either directly on the electrode (chapter 

6.3.2) or on the samples prepared via pipetting a catalyst suspension on a clean Si wafer 
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(see explanation below) and subsequent drying to fabricate a thin catalyst film (chapter 

3.3.2 and 5.3.1). This film consisted of the same amount of catalyst material on the same 

geometric area as those used for the thin film electrode preparation (chapter 2.3.3.1). The 

Si wafer was pre-treated in concentrated potassium hydroxide solution and in concentrated 

sulfuric acid and by sequential cleaning in MilliQ water after each step. By using a Si 

wafer instead of the commonly used carbon tape as a substrate for the powder catalyst, the 

interference of this carbon signal with the C(1s) signal of the C-dopant was avoided. 

Depending on the perfection of the thin layer film preparation, the underlying Si substrate 

(with a thin SiO2 overlayer on top) was occasionally visible in the XP spectra. For the 

calculation of the atom concentrations, the intensity in the O(1s) signal was corrected by 

subtraction of the SiO2 contribution. 

The deconvolution of the XPS peaks was performed using commercial software 

(CasaXPS), employing a Shirley background subtraction and Gaussian / Lorentzian 

symmetric line profiles for all the species, excluding Pt(4f), where an asymmetric peak 

shape fit is necessary. The measurements were performed by Dr. T. Diemant and M.Sc. J. 

Fischer (chapter 3.3.2; including the peak fit) at the Institute of Surface Chemistry and 

Catalysis, Ulm University. 

2.2.4 X-Ray Diffraction (XRD) 

As already mentioned, the applied synthesis conditions had an effect on the specific 

surface area. Moreover, the crystallinity strongly depends on the applied calcination 

temperatures. Thus, a structural analysis using X-ray diffraction (XRD) was performed. 

XRD utilizes the elastic scattering of incoming X-ray photons in a periodic lattic and thus 

an emanation of spherical waves. Hence, these waves can show destructive interference, 

canceling out each other, or constructive interference, which is described by Bragg’s law. 

n ⋅ λ = 2 ⋅ d ⋅ sin θ 

 n: order of the reflection 

 λ: wavelength [m] 

 d: spacing between planes in the atomic lattice [m] 

Eq. 2-5 
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 θ: angle between incoming ray and diffraction plane [rad] 

 

Here, depending on an integer n, the incoming wavelength and the glancing angle, which 

is proportional to the spacing between diffracting planes (d), can be determined. Finally, 

this leads to an identification of the planes present, and thus the crystal phase. Contrary to 

XPS, this provides also a structural information on the material bulk. Since powder 

samples were investigated, a modification of the single crystal XRD analysis, called 

Debye-Scherrer analysis, was applied. 

X-Ray diffraction (XRD) measurements were performed with an X´Pert Panalytical 

instrument, using Cu Kα radiation (λ = 0.154 nm) in the 2θ range of 5° to 70° (0.025° 

continuous mode, 3.5 s per 0.25°). The measurements were performed by Mag. rer. nat. 

G. Tippelt, Institute of Materials Chemistry, University of Salzburg. 

2.2.5 Optical Emission Spectroscopy (OES) 

OES belongs to the field of emission spectroscopy. In this specific case, inductively 

coupled plasma (ICP-OES) is used as energy source to excite atoms. The subsequent 

relaxation to the ground state emits radiation with an element specific characteristic 

wavelength. The intensity of the radiation is linked with the concentration of the element 

in the solution, after the acidic resolving of the raw material. Here, it was used to determine 

the Pt loading of the catalysts described in chapter 5.3.1. The measurements were 

performed in Horiba Ultima 2 instrument by Tech. Ass. M. Lang at the Institute of 

Analytical and Bioanalytical Chemistry, Ulm University. 

2.2.6 Simultaneous Thermal Analysis (STA) 

This method allows to simultaneously monitor the mass loss (thermogravimetric analysis 

TGA) and the heat release (differential thermoanalyis - DTA) during the thermal 

decomposition of a material in a defined atmosphere. The determination of the heat release 

and thus the enthalpy is realized via a differential scanning colorimetry (DSC). The latter 

is used to analyse and identify the melting / crystallization behavior, polymorphism, the 
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degree of crystallinity and, here, the specific heat and the thermokinetics. The STA was 

performed on the uncalcined synthesis product, described in chapter 3.3.1, in a Netzsch 

STA 449 F3 system under Ar-atmosphere in the temperature window from 25 to 1000°C 

(heating rate 10°C min−1) by Dipl. Chem. M. Wassner, Institute of Materials Chemistry, 

University of Salzburg. 

2.2.7 Transmission Electron Microscopy (TEM) 

For determination of the material morphology two electron microscopy methods were 

applied. First bright field transmission electron microscopy (BF-TEM) imaging was 

performed to determine the particle distribution and the particle size distribution. This 

method is based on the extinction of an incoming electron beam due to interaction with 

matter. Depending on the atomic number and thus the number of electrons of the element 

present, a material contrast is gained. Briefly, electrons are emitted by a cathode and 

accelerated to the sample (anode). In between electromagnetic lenses the beam is focused 

on the sample aperture and afterwards on the image plane, while the objective lenses and 

the movable specimen stage are used to display a highly resolved image. The 

measurements shown in chapter 5.3 were performed by Dr. J. Biskupek, Institute of the 

Electron Microscopy Group of Materials Science, University of Ulm, using a Philips CM 

200 instrument equipped with a CCD camera. For the measurements, a droplet of ethanol 

solution containing the catalyst powder (ca. 1 mg ml−1) was deposited on a carbonized 

Cu-grid (Plano, Mesh 300), followed by evaporation of the ethanol. 

2.2.8 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is based on the same theoretical background as 

described for TEM. The main difference is the detection, since for the SEM the 

information is not received via the transmitted electrons, but from the backscattered (BSE) 

as well as the secondary electrons (SE). The BSE are generated via the partly elastic 

interaction of the emitted beam electrons and the electrons of the material present. The 

SEs are electrons from the investigated material, which are formed due to the inelastic 
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scattering of the beam electrons with the inner orbital electrons. Therefore, the energy of 

the SEs is much lower than of the BSEs (< 50 eV vs. 1 keV), and thus they provide more 

near-surface information, whereas the latter ones also refer to the almost bulky part of the 

material. 

The measurements were performed by Dipl. Phys. A. Minkow at the Institute for 

Nanomaterials, University of Ulm, using a Zeiss Leo 1540 instrument. All images shown 

in chapter 6.3 of the titania film on GC were taken with a magnification of 100,000 at an 

excitation energy of 2 keV. For the various Pt decorated systems the magnifications of 

20,000 and 100,000 and an energy of 10 keV were applied. 

2.3 Electrochemical Methods for Catalyst Characterization 

In the following chapters the main characterization methods used in this thesis, namely 

the investigation of the electrochemical and electrocatalytic behavior and performance, 

respectively, will be described, including the description of the methods as well as the 

experimental protocols applied. The following descriptions are all related to a 

three-electrode setup, including a working electrode (WE), a counter electrode (CE) and 

a reference electrode (RE). Briefly, a potential (or current) is applied to the WE and 

controlled versus the RE’s potential, while the potential is balanced by the CE, following 

Ohm’s law. 

For all systems the charge transfer across the interface electrode / electrolyte occurs for 

all the investigated reactions, which will not be discussed in detail for brevity. Next to 

this, adsorption and desorption processes on the electrode surface and especially the mass 

transport, as explained in more detail in chapter 2.3.1, are effecting the rate of electrode 

potential induced reactions and their selectivity. 

Such voltammetric measurements can be performed either in a time dependent linear 

variation of the potential (dynamic) or by applying a constant potential (static). For the 

first one the potential is a function of time E(t), with a constant gradient E over t, called 

the scan velocity or scan rate. Here, two kinds of potentiodynamic operations are mostly 

used, where i) the linear sweep voltammetry (LSV) performs a potential run in one 
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direction, anodic or cathodic, starting at the initial and ending at a final potential, whereas 

ii) the cyclic voltammetry (CV) includes a repetitive linear variation of the potential with 

a reverse in potential direction at pre-determined potential limits. Here, most often a 

triangular wave cycle is applied. For the potentiostatic measurements, a square wave cycle 

is applied, where a repetitive step-like potential variation, with various step heights as well 

as dwell times can be performed [200,201], as employed in the accelerated degradation 

test (ADT) measurements (2.3.3.9). 

2.3.1 Diffusion Controlled Reactions and Processes 

As already mentioned, an electrochemical reaction not only depends on the charge 

transfer, but also on the diffusion of educts and products to / from the electrode surface. 

Diffusion is generated by a path-dependent concentration gradient, in this case in the 

electrolyte. This flux of a substance can be described mathematically by Fick’s laws.  

Fick’s first law: 

 − JR(x,t) = DR ∙ 
∂CR(x,t)

∂x
 

  

Eq. 2-6 
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Fick’s second law: 

 
∂CR(x,t)

∂t
 = DR ∙ 

𝜕2CR(x,t)

∂x2
 

 JR: flux of the reactant [mol m-2 s-1] 

 DR: diffusivity constant of the reactant [m2 s-1] 

 CR: saturation concentration of the reactant [mol m-3] 

 x: location [m] 

 t: time [s] 

 

If only diffusion of one reactant leads to transport to the electrode and, subsequently, to 

the reaction, the flux of the molar amount of the reactant is directly proportional to the 

number of electrons transferred per time unit and thus to the flowing current: 

−JR(x,t) = 
i

zFA
 = DR ∙ 

∂CR(x,t)

∂x
 

 z: number of electrons transferred 

 F: Faraday constant; 96485 [C mol
-1] 

 A: electrode area [m2] 

 

Next to diffusion, also convection and migration occur, where the first one describes the 

enforced movement, e.g., caused by stirring, pumping or gas bubbling and the latter one 

the movement due to the force of an electric field on the charged particles. Forced 

convection depends on the strength of the well-controllable external force, while the 

migration is subjected to a field gradient, here between working and counter electrode. 

Eq. 2-7 

Eq. 2-8 
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JR convection(x) = v(x) ∙ CR 

 v(x): enforced velocity of the electrolyte [m s-1] 

JR migration(x) = 
zFA ∙ uR 

RT
CR ∙ 

∂ϕ

∂x
 

 uR: ion mobility [m2 V-1 s-1] 

 ϕ: electrostatic potential [V] 

 R: gas constant; 8.3145 [J mol
-1

 K-1] 

 T: temperature [K] 

 

Summarizing, the overall mass transport is described by the Nernst-Planck equation, 

including all three different kinds of mobility [200]. 

JR= − DR ∙ 
∂CR(x)

∂x
 −  

zFA∙uR 

RT
CR ∙ 

∂ϕ

∂x
 + v(x)C

R
 

Diffusion limitations are playing an important role in the investigations of this study, since 

both electrode reactions in the PEMFC, the HOR and the ORR, strongly depend on this 

aspect (see chapter 3 and 5). For the two reactions mentioned above the charge transfer is 

so fast that the concentration at the surface, included in the gradient of the concentration 

of Fick’s first law, is quasi zero. Thus, the resulting reaction current (density), called 

diffusion or mass-transport limiting current density (jlim), is constant. This only depends 

on the variable thickness of the diffusion layer δN and the product of the number of 

electrons times the Faraday constant, the diffusivity constant of the reactant and the 

electrolyte saturation concentration of the reactant. 

  

Eq. 2-9 

Eq. 2-10 

Eq. 2-11 
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j
lim

= zF ∙ DR ∙ 
C0  −  CS

δN

;  CS→0  

 jlim: mass-transport limiting current density [A m-2] 

 C0: electrolyte saturation concentration [mol m-3] 

 CS: surface concentration [mol m-3] 

 δN: Nernst diffusion layer thickness [m] 

 

The thickness of the diffusion layer is directly proportional to the applied flow rate in a 

flow cell or the rotation speed of a rotating disk electrode, described in the next chapter. 

2.3.2 Hydrodynamic Electrochemical Systems 

In this work mainly a rotating (ring) disk electrode setup was used for model studies of 

the electrochemical and the electrocatalytic behavior of the catalyst materials (chapter 3.3 

and 5.3). Moreover, all stability tests were also performed using this setup, however, in a 

stagnant electrolyte (without rotation). Additionally, a thin layer flow cell connected to a 

mass spectrometer via a porous membrane inlet was used for the determination of the O2 

evolution (chapter 4.3.2). The same setup was employed to identify the onset as well as 

the maximum potential of the electrooxidation of COad saturated ad-layer to CO2 and for 

the evaluation of the active surface area (chapter 6.3.3). The electrodeposition of titania 

and Pt was performed in a cylindrical Teflon cell in a stationary electrolyte (chapter 6.3.1 

and 6.3.2). The first two hydrodynamic systems will be described in detail in the following 

two chapters, while a schematic drawing of the cell for deposition is included in chapter 

2.3.3.2. 

Eq. 2-12 
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2.3.2.1 Rotating Disk Elektrode (RDE) 

The rotating disk electrode is a system, where the hydrodynamic equations are known 

since the early decades of the 20th century. Here, especially T. Karman [202] and W.G. 

Cochran [203], developed a mathematical understanding of these combined convection-

diffusion phenomena. As indicated in Fig. 2-1a, steady and layer-like flow of electrolyte 

parallel to the surface, which remains laminar in a certain range of rotation rates (Reynolds 

number Re), in the vicinity of the electrode, leads to a parabolic velocity profile. 

Moreover, the rotation results in the electrolyte streamlines shown in Fig. 2-1b, with a 

reactant transport to the electrode and a removal of intermediates / products from the 

center to the perimeter of the electrode [200]. 

 

Fig. 2-1 Flux conditions at a R(R)DE setup a) vectorial view on fluid velocity (vy, vr: vectorial velocity in y 

and r direction [m s−1]), b) schematic view on the electrolyte flows under angular velocity (ω [s−1]) 

of the electrode. 
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Additionally, the various rotation speeds lead to a respective diffusion layer thickness, 

called the Nernst diffusion layer (Eq. 2-13). A mathematical description of the diffusion 

limiting current density (jlim) was introduced by Levich et al. [204] with the direct 

proportionality of jlim ~ ω½, called the Levich equation, resulting in a modified Fick’s first 

law Eq. 2-14. 

δN = 
 DR

1 3⁄
 υ0

1 6⁄

0.62 ω1 2⁄
 

 

j
lim

 = 0.62 zF C0 DR
2 3⁄

 υ0
−1 6⁄  ω1 2⁄  

 δN: Nernst diffusion layer thickness [m] 

 υ0: kinematic viscosity [m
2
 s-1]  

 ω: angular velocity / rotation speed [s−1]. 

 DR: diffusivity constant of the reactant [m2 s-1] 

 C0: electrolyte saturation concentration [mol m-3] 

 z: number of electrons transferred 

 F: Faraday constant; 96485 [C mol
-1] 

 

Since this equation describes only the case of fast electron transfer, Koutecký transferred 

this insight to the overall current density (here the reciprocal) measured with a RDE, 

including the diffusion (jlim) and the kinetics (jkin) controlled current densities, for the case 

that their rates are of comparable magnitude. 

1

j
 = 

1

j
lim

 + 
1

j
kin

=  
1

0.62 zF C0 DR
2 3⁄

 υ0
−1 6⁄  

ω−1 2⁄  +  
1

zF C0 k
 

 k: heterogeneous rate constant [m s-1] 

 

Eq. 2-13 

Eq. 2-14 

Eq. 2-15 
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This equation can be modified for film electrodes by adding an additional term for the 

contribution of inner-film diffusion: 

1

j
 = 

1

j
lim

 + 
1

j
kin

+ 
1

j
film

 ;   

j
film

 = zF Cfilm Dfilm ∙L−1  

 L: thickness of the film [m] 

 

A three electrode glass cell was used for the R(R)DE experiments with side connections 

for a counter electrode, and the reference electrode, as shown schematically in Fig. 2-2. 

 

 

Fig. 2-2  Electrochemical glass cell for R(R)DE measurements: reference electrode (RE), working

 electrode (WE), and counter electrode (CE). 

  

Eq. 2-16a 

Eq. 2–16b 
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2.3.2.2 Rotating Ring Disk Elektrode (RRDE) 

The mechanism of the reduction of molecular oxygen (ORR) is described in the 

introduction. As rate determing step the adsorption of O2, dissociative or non-dissociative, 

progresses differently depending on the catalyst material, which determines the activity 

and selectivity of the reaction [34]. Briefly, the O–O bond in molecular oxygen can either 

remain intact, leading to an incomplete reduction to H2O2, or dissociate to form H2O. This 

dual-path behavior (parallel vs. series) is well-known from literature, whereas the direct 

path via four electrons cannot be strictly distinguished from that before, as summarized 

by Wroblowa et al. [49] in Fig. 2-3. 

The detection of the side product peroxide, which can, as shown in the scheme, further 

react to water, was first reported by Frumkin et al. [205] and Müller et al. [206]. For the 

determination of the reaction selectivity, the side product (H2O2) is drawn from the 

working electrode towards the surrounding ring electrode (Fig. 2-1b) and is oxidized to 

O2, due to the constantly applied high potential on this ring electrode.  

 

 

Fig. 2-3  Schematic overview of the ORR paths (* indicates location at electrode vicinity) [49]. 

 



 41  

 

From the disk and ring electrode currents, a quantitative determination (2.3.3.6) of the 

reaction selectivity towards the two reaction products H2O and H2O2 is possible. This led 

for Pt surfaces via the reaction rates of the respective products to a well-established 

mechanistic picture, which is in very good agreement with theoretical descriptions 

developed in the last decade [43], and also true for other metal ORR catalysts [36]. 

The RDE and RRDE measurements are described for the cyclic voltammetry 

measurements in N2-saturated base electrolyte (BCV), the H2O2 reduction / oxidation, the 

ORR and the ADTs in chapter 3.3 and 5.3, respectively. 

2.3.2.3 Dual Thin-Layer Flow Cell Double-Disk Electrode 

To study the ORR activity, and in particular, the selectivity, similar to the RRDE setup, a 

measurement with a second working electrode at a constant potential can also be 

performed in a dual thin-layer flow cell as described in detail by Jusys et al. [207]. A 

schematic drawing of the electrochemical cell and its capillary system is displayed in Fig. 

2-4. Notably, the figure shows in the bottom part a connection to the vacuum chamber 

housing the mass spectrometer, which is used for the differential electrochemical mass 

spectrometry measurement (DEMS, 2.3.2.4). For the ORR measurement this part is 

replaced by a Pt disk electrode ((8), A = 1.30 cm2), which is used, comparable to the ring 

electrode in the RRDE, for the detection of hydrogen peroxide and is called collector. 

Briefly, the electrochemical reaction is taking place at the working electrode (3), here 

called generator, and the products formed are transported by the electrolyte flow (5 to 

30 µL s−1), here enforced by a syringe pump (Harvard Apparatus WPL AL-1000), to the 

second thin layer compartment. The amount of product which can be detected on the 

collector electrode strongly depends on the applied flow. Therefore, this factor was 

callibrated via the current ratio of the H2/H
+ redox couple, H2 is evolved at the generator 

and oxidized at the collector, which yields in the so called collection efficiency N 

(Eq. 2-19). The flow in the thin layer cell, described by Fuhrmann et al. [208,209], is 

comparable to the RDE laminar flow and thus well defined. 
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Fig. 2-4  Side view of a dual thin layer flow cell with connection to a mass spectrometer; (1) contact

 wire, (2) sample holder, (3) working electrode (glassy carbon), (4) gasket, (5) electrolyte inlet,

 (6) cell body (Kel-F), (7) electrolyte outlet, (8) Pt disk / porous membrane (Teflon) on a steel

 frit, (9) connetion to MS. 

 

Notably, due to the connection of two different electrolyte bottles at the inlet (5), a fast 

exchange of supplying electrolytes, N2 or O2 saturated, is possible. The major counter 

electrode is placed at the inlet, connected via a switchable resistance to a second counter 

electrode located at the outlet, whereas the reference electrode is connected via a Luggin-

like capillary at the outlet of the flow cell (7). 

2.3.2.4 Differential Electrochemical Mass Spectrometry (DEMS) 

The effect of oxide supports on the electrooxidation of an adsorbed CO layer, the oxidation 

onset potential, and the electrochemically active surface area of Pt were investigated via 

differential electrochemical mass spectrometry (DEMS) [210], which allows 

identification as well as quantification of the COad oxidation via the online measured mass 

spectrometric signal of the oxidation product CO2. The evaluation of the mass signal 
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simplifies the quantification compared to the Faradaic current signal, since the interfering 

contribution of the double layer charging included in the latter signal is absent. A dual thin 

layer flow cell was coupled to a quadrupole mass spectrometer inlet (Balzer QMS 112 and 

Pfeiffer Vacuum, QMS 422 for multiple mass measurements) via a porous membrane. The 

thin layer flow cell is schematically depicted in Fig. 2-4 (for details see Jusys et al. [211]).  

Briefly, the electrochemical reaction is taking place at the working electrode (3) and the 

products formed are transported by the electrolyte flow (5 to 10 µL s−1), which in this case 

depends only on the hydrostatic pressure in the supply bottle, to the second thin layer 

compartment. Here, the electrolyte flows along the porous membrane (Scimat, 60 µm, 50 

% porosity, 0.2 µm pore size, (8)), supported by the stainless steel frit, and thus the volatile 

products penetrate via the membrane to reach the mass spectrometer chamber. After 

ionization and ion separation via the the quadrupole analyzer the specific molecular ion 

current (mass-to-charge ratio, e.g., m/z of 44.0 for CO2) can be monitored online. A time 

delay between the product formation at the working electrode and its mass spectrometric 

detection is defined by the flow rate [212].  

The major counter electrode is placed at the inlet, connected via a variable resistance to a 

second counter electrode located at the outlet, whereas the reference electrode is 

connected via a Luggin-like capillary at the outlet of the flow cell (7). 

2.3.3 Experimental Protocols and Quantitative Evaluation 

In the following chapters the experimental procedures for the different electrochemical 

experiments will be described briefly. In general, the base supporting electrolyte used in 

the whole work was 0.5 M H2SO4, made by dilution of concentrated sulfuric acid (see 

Tab. 2-1) with MilliQ water (18.2 MΩ cm). The potential values are always referred to 

vs. the reversible hydrogen reference electrode. The measurements in chapter 3 were 

performed with the saturated calomel electrode (SCE, Schott Instruments), but referred to 

the reversible hydrogen electrode (RHE). The potential control of both the first working 

electrode (disk or generator) and the second working electrode (ring or collector) was 

ensured by using a bi-potentiostat AFRDE5 from Pine Instruments. The rotating (ring) 

disk electrode head, rod and the rotor as well as its controlling device were also from Pine 
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Instruments, while the RDE head was equipped with a Pt ring electrode (Aring = 0.125 cm2) 

and a glassy carbon disk (GC) electrode (Sigradur G from Hochtemperatur Werkstoffe, 

Adisk = 0.283 cm2). For the dual thin layer flow cell bigger GC substrates from the same 

company (AGC = 0.636 cm2) were used, but with the same electrochemical accessible area 

as applied in the R(R)DE setup. The measurements of chapter 4 were performed on 

conductive, fluorine doped tin oxide (FTO) coated, glass (Pilkington, 7 Ω cm−2) as 

working electrode, again applying the same area for the electrochemical reaction. 

2.3.3.1 Catalyst Ink and Electrode Preparation 

After the synthesis of the support materials (2.1.1) and the subsequent deposition of Pt 

nanoparticles (2.1.2), the calcined powder was used to prepare an aqueous catalyst ink 

(2 mg ml−1 suspension). The same is true for the non-platinum ORR catalysts described 

in chapter 3, the oxynitride materials of chapter 4, here on FTO/glass and the unsupported 

Pt particles of chapter 6.3.2. In general, the electrode was prepared by pipetting 20 µl of 

the catalyst ink onto the mirror polished glassy carbon substrate (or FTO/glass, 

respectively) and dried under a N2 stream. Afterwards, the electrode film was covered 

with the same amount of a diluted aqueous Nafion solution (see Tab. 2-1) and dried again. 

The resulting Nafion film was sufficiently stable to keep the catalyst layer on the glassy 

carbon substrate under rotation in the electrolyte, but thin enough to avoid additional 

diffusion limitations [23] as described in Eq. 2-16a. The same deposition method was also 

applied for the unsupported Pt nanoparticles, described in chapter 6.3.2. 

For the TEM measurements after the accelerated degradation tests (5.3.4), the electrode 

film was removed from the GC substrate in pure ethanol via ultrasonic bath treatment. 

The drying step for the electrode films of the oxynitride materials used in chapter 4, was 

slightly modified, compared to the procedure described above. Here, in the beginning the 

drying step was performed under acidic atmosphere (10 vol.% HCl-solution/N2), to avoid 

rim formation, i.e. particle agglomeration on the outside of the deposited droplet, since 

this decreases the surface charge [213], resulting in a homogeneous distribution of the 

particles. Afterwards, a dry N2-atmosphere was used for another 30 min. Second, the 
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stabilization by nafion was replaced by a calcination step, starting at room temperature, 

heating up to 200°C with a rate of about 5 K min−1, holding for 60 minutes, and finally 

cooling down to room temperature. 

The preparation of the Pt/TiO2 electrode with Pt particles formed and deposited via UV 

assistance is described in chapter 2.1.2. The electrode formation via electrochemical 

deposition of Pt nanonparticles is described in chapter 2.3.3.3. 

2.3.3.2 TiO2 Electrodeposition 

The deposition of TiO2 was performed cathodically, using titanium oxysulfate (TiOSO4) 

as a precursor in an acidic nitrate buffer, similar to the deposition electrolyte of Kumar et 

al. [214] (see description in chapter 6.3.1). Briefly, potassium nitrate (1 M KNO3) and 

nitric acid (0.05 M 69% HNO3) were mixed together until pH 1.4 was reached. Next, 

peroxide (0.03 M 35% H2O2) and the Ti-precursor (0.02 M) were added, still keeping the 

same pH value. The film deposition was performed in a conical teflon cell in a 

three-electrode setup (Fig. 2-5), using a mirror polished glassy carbon (GC) disk (Sigradur 

G from Hochtemperatur Werkstoffe, d = 9 mm, A = 0.385 cm² effective electrode surface) 

as a working electrode and a glassy carbon block as counter electrode, placed directly in 

front of the working electrode. 

The reaction scheme of the ongoing reactions is illustrated in Fig. 6-7 (chapter 6.5) 

according to Dziewońsky et al. [215], which shows the stepwise reduction of NO3
− to 

NO2
− and the subsequent reduction of NO2

− to NH3 and N2. Each step is accompanied by 

the release of OH−. The TiO2 film deposition was investigated as a function of the applied 

cathodic potential, going from 0.90 to −0.70, −0.90, −1.20 or −1.60 V, respectively. 

Moreover, differences in the TiO2 film formation were investigated for applying different 

numbers of deposition cycles in potential limits of 0.90 to −1.60 V. The oxide deposition 

for the following Pt deposition was performed via three subsequent potential cycles 

between 0.90 and −1.40 V. After the respective film deposition, calcination in an oven 

(Ströhlein Instruments HTC 1600) under air at 400°C (3° min−1, 2 h) was applied to form 

crystalline TiO2. 
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2.3.3.3 Pt Electrodeposition 

For the electrochemical deposition of Pt, dihydrogenhexachloroplatinate(IV)-hexahydrate 

(0.1 mM), was dissolved in 0.5 M H2SO4. Electrodeposition was performed by applying 

a potential step from 0.30 to 0.14 V and back to 0.30 V, with a holding time of 5 s, using 

a programmable potentiostat Princeton Applied Research PAR EG & G 273 A. 

 

Fig. 2-5 Teflon cell for electrochemical deposition: reference electrode (RE), working electrode (WE),

 and counter electrode (CE). 
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This Pt deposition method was performed directly after the deposition of TiO2 film (6.3.2) 

in the same electrochemical cell, to avoid Pt deposition on the GC substrate, which would 

be accessible after the calcination of the oxide film due to film cracking. Subsequent 

calcination at 200°C (heat rate 3° min−1, 2 h dwell) did not cause any particle growth, as 

evidenced from additional measurements on a bare GC substrate. The deposition potential 

was pre-determined via potentiodynamic Pt-deposition on GC. 

2.3.3.4 Base Cyclic Voltammetry (BCV) 

Cyclic voltammetry measurements in N2-saturated base supporting electrolyte (BCV) 

were performed at scan rates of 100 mV s−1 or 10 mV s−1, respectively, in the potential 

range of 0.06 V to 1.20 V. The electrochemically active surface area (ECSA) was 

determined by integration of the HUPD adsorption charge in the range from 0.35 V to 0.06 

V and substraction of the double layer charge in the same potential window, via the 

following equation [216]: 

ECSA= 
Q(HUPD)

θH ∙ Q(pc Pt)
 

 Q(HUPD): charge of the HUPD region [C] 

  θH : saturation coverage of HUPD on polycrystalline Pt (pc Pt) - 0.77 

 Q(pc Pt): charge transferred on pc Pt per electrode area - 0.21 [mC cm−2] 

2.3.3.5 Oxygen Reduction Reaction (ORR) Measurement 

The potentiodynamic measurements in O2-saturated supporting electrolyte were 

performed at 10 mV s-1 scan rate at different rotation rates (from 900 to 3600 rpm, 

1600 rpm was chosen for data comparison with the literature values) in a potential window 

of 0.06 V to 1.20 V. In addition to the disk electrode current response to the applied 

potential, the ring electrode current was simultaneously monitored. Here, the Pt ring 

potential was set to a constant value of 1.20 V, which is positive enough to guarantee the 

oxidation of H2O2 to O2, without any overlapping with the O2-reduction. Considering a 

Eq. 2-17 
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collection efficiency (N) of the ring of about 20% for the applied rotation rates [217], the 

hydrogen peroxide yield X(H2O2), was determined according to the following equation. 

 X(H2O2)= 
2 ∙ Iring

0.2 ∙ |Idisk| + Iring

 ∙ 100% 

 Idisk: current at the disk working electrode [A] 

 Iring : current at the ring working electrode [A] 

 

The ORR measurements in the dual thin-layer double-disk flow cell were performed 

similarly. However, before the electrolyte was exchanged from N2-saturated to 

O2-saturated, the collection efficiency had to be determined for every single flow rate (5 

to 30 μL s−1, 10 μL s−1 was chosen for data comparison). Therefore, hydrogen was evolved 

on the generator electrode and oxidized in parallel (time delay < 1 s) on the collector 

electrode, assuming similar diffusion properties of H2 and H2O2. The ratio of the absolute 

values of both currents resulted in N (Eq. 2-19). The collector electrode potential was fixed 

at 0.40 V, while a potential step from 0.40 to 0.04 V was performed on the generator 

electrode. 

 N =  
Icol

|Igen|
 

 Igen: current at the generator electrode [A] 

 Icol : current at the collector electrode [A] 

2.3.3.6 Hydrogen Peroxide Oxidation / Reduction Measurement 

The current response on the potential induced oxidation and reduction of hydrogen 

peroxide was performed in N2-saturated supporting electrolyte after adding 300 µl H2O2 

solution to 250 ml of supporting electrolyte, at 10 mV s−1 scan rate and a rotation rate of 

1600 rpm in a potential window of 0.06 V to 1.20 V. This low amount of peroxide did not 

Eq. 2-18 

Eq. 2-19 
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change the electrolyte pH, which would result in an additional shift of the onset potential 

[218]. 

2.3.3.7 Saturated CO Adlayer Oxidation 

This experiment was performed in the DEMS setup and, similar to before measurements, 

at a scan rate of 10 mV s−1 in a potential window of 0.06 V to 1.20 V in N2-saturated 

supporting electrolyte. The measurement is described in chapter 6.3.3. For the COad 

oxidation experiment the potential was hold at 0.07 V (at the onset of H2 evolution) and 

the electrolyte inlet was changed for 30 s to the CO-saturated electrolyte supply to achieve 

saturation coverage. Before oxidation of the pre-adsorbed CO layer, the cell was rinsed 

thoroughly with the N2 saturated electrolyte. Two potentiodynamic cycles were recorded 

to detect in the first anodic scan the electrooxidation of COad and to regain the BCV of pc 

Pt in the second full cycle, where no contribution of the CO residues oxidation was 

detected. 

The resulting Faradaic and mass spectrometric signal, were used to determine the 

electrochemically active surface area (ECSA), by taking the HUPD adsorption charge in 

the range from 0.35 V to 0.06 V on a well-defined bulk polycrystalline Pt electrode into 

relation. Therefore, in a first step a calibration factor K* of every measured mass signal 

was determined. 

K*=
2 Q

MS

Q
EC

 

 Q
MS

: charge of the CO2 mass spectrometric signal [C];  

           factor 2 for transferred electrons of CO oxidation to CO2 

 Q
EC

: charge of the COad electrooxidation signal [C] 

 

Subsequently, K* is used for calibration of the mass spectrometric charge, which allows 

direct comparison of the particular MS charges. Moreover, using a reference material with 

Eq. 2-20 
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a well-defined HUPD region (e.g. pc Pt) and thus a precisely evaluable ECSA, the CO2 

mass signal of the unknown electrode can be transferred directly into the surface area, 

assuming the same saturation coverage for both electrodes. 

ECSA(x)= ECSA(pc Pt) ∙
Q(x)

Q(pc Pt)
 

 ECSA(x): electrochemically active surface area of the unknown electrode [cm2] 

 ECSA(pc Pt): electrochemically active surface area of the pc Pt electrode [cm2] 

 Q(x): charge of the CO2 mass spectrometric signal of the unknown electrode [C] 

 Q(x): charge of the CO2 mass spectrometric signal of the pc Pt electrode [C] 

 

Alternatively, the Faradaic charge of COad oxidation can be, similar to the HUPD charge, 

directly transferred to the ECSA, considering different saturation coverage, as well as the 

number of transferred electrons [216]. 

ECSA(CO2)= 
Q(CO2)

θCO ∙ Q(pc Pt)
 

 Q(CO2): charge of the Faradaic CO oxidation region [C] 

 θCO: saturation coverage of CO on pc Pt - 0.60 

 Q(pc Pt): charge transferred for a saturated CO adlayer oxidation on 

    pc Pt per electrode area - 0.42 [mC cm-2]. 

2.3.3.8 Oxygen Evolution Reaction (OER) 

The electrochemical measurements for the oxygen evolution reaction were performed in 

a dual thin layer flow cell with direct connection to a quadrupole mass spectrometer, as 

described in 2.3.2.4. All measurements were recorded at a potential scan rate of 10 mV s−1 

Eq. 2-21 

Eq. 2-22 
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first in a potential window of 0 to 1.20 V (base cyclic voltammogram) and then from -0.30 

to 2.30 V for the oxygen evolution reaction measurements, controlled by a bi-potentiostate 

(Pine Instruments AFRDE5). For the detection of O2 a Balzer QMS 112 was used. For 

simultaneously displaying other masses, here for CO2, NO and NO2, the Pfeiffer Vacuum, 

QMS 422 mass spectrometer and control unit was applied. The O2 mass signal was again 

normalized via a calibration factor K* (Eq. 2-20), which was determined every day. While 

for this reaction 4 electrons had to considered in the respective equation rather than the 2 

electrons for COad oxidation to CO2. Similar to the COad oxidation, bulk pc Pt was used 

as reference electrode, where no contribution other than the O2 evolution can be assumed 

above 1.5 V. 

2.3.3.9 Accelerated Degradation Test (ADT) 

The accelerated degradation tests, described in chapter 5.3.4, were performed in the RDE 

setup without forced convection. Two automotive oriented test protocols based on the 

DOE (Department of Energy) standards [219] were applied. First, the simulation of 

driving cycles, involved 10,000 triangular wave cycles in the potential range of 0.40 to 

1.00 V (scan rate 600 mV s−1). For determination of the electrode stability, BCVs of 100 

and 10 mV s−1 were recorded after a certain number of TWCs (0, 25, 100, 250, 500, 1000, 

2000, 5000, 7500, 10000) and the change in ECSA was determined. The catalyst 

durability was evaluated by recording ORR cyclovoltammograms at 1600 rpm with a scan 

rate of 10 mV s−1. Subsequently, the mass activity (current density normalized on the Pt 

mass), specific activity (current density normalized on the ECSA), the kinetic current 

density as well as the peroxide yield were evaluated after a certain number of cycles of 

the ADT at different potentials, in particular, 0.70, 0.80 and 0.90 V as well as at 0.40 V 

for the selectivity, respectively. Here, the same interim stages as for the ECSA were 

evaluated, except that cycle number 25 was replaced by number 10. 

For simulating the start-stop behavior, a square wave cycling procedure was applied, 

stepping from 0.40 to 1.40 V and back to 0.40 V with a holding time of one second at each 

potential. For these measurements a programmable potentiostate (PAR EG & G 273 A) 
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was used. The electrode stability and catalyst durability were evaluated in the same way 

as for the driving operation ADT.  

Additionally, the electrode film was, as already mentioned, removed via ethanol after 

every applied test protocol, TWC and SWC, and used for electron microscopy 

characterization. 

2.4 Chemicals 

In the following table all used chemicals are listed alphabetically with their purity and the 

supplier. Moreover, their application is marked by the chapter number. For sulfuric acid, 

as base electrolyte, no chapter number(s) is (are) indicated. The same is true for the diluted 

nafion solution, which is always used as electrode film cover and both gases, N2 and O2, 

used for electrolyte saturation, and (N2) to dry the electrode films. For proper working, 

ultra clean water (18 mΩ cm) from a Merck Millipore Milli-Q system was used. 

Tab. 2-1 Chemical formula, brand / purity and supplier of chemicals used in the work; chapter of

 application listed. 

Name Chemical Formula Brand / Purity Supplier Chapter 

aceton H6C3O technical Merck 2.1.2 

ammonia NH3 99.98% AirLiquide 2.1.1 

argon gas Ar N 5.0 SIAD Austria 2.1.1 

carbon black C Vulcan XC 72 Cabot  

carbon 

monoxide gas 
CO N 4.7 Westfalen Gas 2.3.3.7 

dihydrogen 

hexachloro 

platinate(IV) 

hexahydrate 

H2Cl6Pt ∙ 6 H2O 99.9% Alfa Aesar 
2.1.2 

2.3.3.3 

ethanol C2H6O LiChroslov Merck 2.1.1 

Name Chemical Formula Brand / Purity Supplier Chapter 

ethylene glycol C2H6O2 puriss., p.a. Merck 2.1.2 

hydrogen 

peroxide (35%) 
H2O2 pure AppliChem 

2.3.3.2 
2.3.3.6 

methanol H4CO LiChrosolv Merck 2.1.2 
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nafion resin C7HF13O5S ∙ C2F4 
10 wt. % in H2O; 

≤  0.3 wt. % ethers 
Sigma Aldrich − 

nitric acid (69%) HNO3 Emsure Merck 2.3.3.2 

nitrogen gas N2 N 5.0 Westfalen Gas − 

oxygen gas O2 N 5.7 / N 6.0 MTI Gase − 

P123 H581C290O111  BASF 2.1.1 

perchloric acid 

(70%) 
HClO4 Suprapur Merck 2.1.2 

potassium 

nitrate 
NaNO3 Emsure Merck 2.3.3.2 

sodium 

hydroxide 
NaOH ≥ 97% Sigma Aldrich 2.1.2 

sulfuric acid 

(96%) 
H2SO4 Suprapur Merck − 

titanium           

n-butoxide 
C16H36O4Ti reagent grade, 97% Sigma Aldrich 2.1.1 

titanium 

oxysulfate 
TiOSO4 technical Sigma Aldrich 2.3.3.2 

titanium(IV) 

chloride 
TiCl4 ≥ 99.9% Sigma Aldrich 2.1.1 

urea CH4N2O BioReagent Sigma Aldrich 2.1.1 
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3 Novel N, C Doped Ti(IV)-Oxides as Pt-free 

Catalysts for the O2 Reduction Reaction 
 

The content of this chapter was published in reference [220] and is reprinted with 

permission from Electrochim. Acta 2014, 146, 335-345. The experimental section (section 

2 in the publication) was removed to avoid duplication. The style as well as the numbering 

of the sections, the references and the figures have been adapted to fit the layout of the 

thesis. For the same reason some spellings have been uniformed. The figures from the 

Supplementary Data are added at the end of the chapter. 

My personal contribution to this publication were to plan and perform all electrochemical 

and electrocatalytic measurements. Additionally, I wrote the draft of the manuscript and 

was strongly involved in the subsequent development process of the here depicted 

publication. The XPS results were contributed by J. Fischer, originated from his bachelor 

thesis (XPS- und UPS-Untersuchungen an Kohlenstoff-Stickstoff-co-dotierten 

TiO2-Materialien, Ulm University, 2012), who was also involved into the synthesis 

process. All other contributors are listed in the acknowledgement of this chapter. 
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3.1 Abstract 

The potential of novel, carbon and nitrogen doped Ti-oxides for application as Pt-free 

catalyst for the oxygen reduction reaction (ORR) in polymer electrolyte fuel cell cathodes 

was systematically investigated in model studies under well defined reaction conditions. 

Ti oxide was prepared by a sol-gel process; doping of titania with N and C was performed 

via reactive incorporation during the sol-gel processing and the subsequent calcination 

step, using the Ti-alkoxide precursor and urea, which is added during the sol-gel synthesis, 

as carbon source and urea also as nitrogen source. Optimizing the chemical composition 

of the catalyst was performed by varying the calcination temperature or the amount of 

urea. Characterization of the resulting material by X-ray photoelectron spectroscopy 

(XPS) identified Ti–O–C, Ti–O–N and O–Ti–N building blocks, providing clear evidence 

for the incorporation of N and C into the TiOx lattice; the concentrations of the species 

depend on the calcination temperature and on the amount of urea added. Doping with 

nitrogen was found to significantly improve the ORR performance compared to non-

doped TiOx, with the extent depending on the calcination temperature and the N : Ti ratio. 

Correlations between ORR activity and the lattice composition and crystallinity are 

discussed. Finally, the activity for oxidation / reduction of the ORR intermediate hydrogen 

peroxide was tested, yielding similar trends but less pronounced effects than obtained for 

the ORR. 

3.2 Introduction 

Improving the performance and lowering the costs of catalysts for the oxygen reduction 

reaction (ORR) compared to state-of-the-art catalysts is one of the biggest tasks in fuel 

cell electrocatalysis research. In addition to improving the performance of Pt based 

catalysts [127], strategies for developing completely Pt-free catalysts have been pursued 

as well. A number of different groups of catalytically active materials were studied in 

detail. The first one includes different carbon based materials such as carbon nanotubes 

(CNT) [221,222], graphitic [223] as well as graphene [129,224,225] related materials 

which are mostly modified by incorporation of metal and non-metal dopants. A second 



 57  

 

group consists of metal complexes involving macromolecular ligands such as porphyrines 

and phthalocyanines coordinating group 8 and group 9 (Fe, Co) metal centers [226–228]. 

In a third approach, transition metal oxides such as TiO2, ZrO2, HfO2, Nb2O5 and Ta2O5 

were investigated, in particular by Ota and coworkers, who had systematically studied the 

ORR activity of massive metal oxide based electrodes, which were prepared by sputtering 

or thermal oxidation, either of pure oxides [141,229,230] or doped metal oxides 

[144,146,149,231]. More recently, also highly dispersed metal oxide based materials have 

been investigated as fuel cell cathode catalysts [232,233]. It should be noted that these 

materials are attractive also as support material for Pt catalysts because of their corrosion 

stability in oxygen containing environments, in particular when comparing with the easily 

oxidizable carbon based materials [97]. Although these alternative materials show 

promising ORR characteristics, their performance is still well below that of standard Pt/C 

catalysts. This is particularly true for the metal oxide based materials, where in addition 

to the catalytic activity also the electric conductivity requires improvement. 

The promising results obtained so far on metal oxide based electrode materials caused us 

to start a systematic study, which aims at the development of novel metal oxide based 

materials for the ORR in fuel cell cathode applications, either as catalytically active 

material itself (‘Pt-free catalyst’) or as support material for highly active supported Pt 

catalysts (‘Pt-poor catalyst’). In the present contribution we report on the ORR 

performance of a series of carbon and nitrogen doped TiOx materials and its relation to 

specific features in the chemical composition of these materials, following earlier reports 

by Doi et al. [234], Ishihara et al. [144] and Chisaka et al. [149] who proposed oxynitride 

species as catalytically active for the ORR. First results of this study on the use of these 

materials as support material for Pt catalysts have been published recently [235]. 

The TiOx materials were prepared via an aqueous sol-gel route based on the approach by 

Chen et al. [192]. Carbon and nitrogen doping can at least in principle be achieved by 

different routes. It can be incorporated by reactive magnetron sputtering at elevated 

temperatures, using N2 as pure nitrogen source [144,234]. Applying this to the present 

TiOx samples, the high temperatures required for the sputtering process would lead to a 
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transformation in the crystal structure and to a thermally induced loss of the co-dopant 

carbon. Similar problems apply for doping by heat treatment with gaseous 

ammonia [236,237]. Looking for lower reaction temperatures, nitrogen can be 

incorporated by reaction of the oxide in ammonia solution [237,238], by reaction with 

urea [239–241] or by using an organic N-source such as triethylamine (TEA) [242,243]. 

Using urea as nitrogen and carbon source, the sol-gel process is followed by a subsequent 

calcination step in order to decompose the N source molecule and incorporate the nitrogen 

into the TiOx lattice. Here the reaction conditions are milder than in the above cases. If an 

alkoxide Ti-precursor and urea are used during the synthesis, no additional carbon source 

is necessary [244], although both were described as not being sufficiently efficient for the 

carbon incorporation. This lack of carbon can be compensated by using tetra-butyl 

ammonium hydroxide (TBAH) [192] as an additional C source. 

In this work, we present results of a detailed study on the influence of the calcination 

temperature during the subsequent calcination step and of the initial composition on the 

ORR activity, focusing on the chemical composition of the samples and the incorporation 

of nitrogen and carbon into the titania network. We used urea as nitrogen source during 

the sol-gel synthesis and no additional carbon source in addition to the Ti-alkoxide 

precursor. Subsequent calcination results in different thermal decomposition products of 

urea [245] and various N and C containing TiOx species, which together with the 

respective temperature ranges for formation and decomposition were evaluated by 

simultaneous thermal analysis (combined thermogravimetric (TGA) and differential 

thermal (DTA) analysis) [246,247] and by detailed X-ray photoelectron spectroscopy 

(XPS) measurements in the relevant element regions. Changes in the crystallinity, which 

was only partially formed at the used calcination temperatures of the samples were 

checked by X-ray diffraction (XRD), the focus of the present paper lies, however, on the 

influence of the chemical composition. 

In addition to the ORR activity, we also evaluated the activity of these materials for the 

reductive or oxidative decomposition of H2O2, considering the possibility of H2O2 

formation in the ORR and the destructive effects of H2O2 on the stability of membrane 



 59  

 

and electrode [248,249]. This is of interest for application of these materials as 

catalytically active supports for Pt-based catalysts, which are known to produce small 

amounts of H2O2 at high overpotentials [217]. 

In the following we will first present the results of the STA and XPS characterization of 

the carbon and nitrogen doped TiOx materials obtained by this synthesis approach 

(sections 3.3.1 and 3.3.2). Subsequently we evaluate the electrocatalytic activity of these 

materials for the oxygen reduction reaction and relate this to the nitrogen and carbon 

containing groups present in the doped materials (section 3.3.3). Finally, we evaluate the 

activity of these materials for the reduction and oxidation of H2O2 (section 3.3.4) 

3.3 Results and Discussion 

3.3.1 Nitrogen Doping of TiOx 

Nitrogen was incorporated into the titania network by reaction of TiOx with gaseous 

ammonia, which was formed during the thermal decomposition of urea, and the 

subsequent formation of cyanuric acid and ammelide. Since NH3 is formed at different 

reaction steps, the optimal temperature(s) for the subsequent calcination steps had to be 

determined first. This was carried out by thermogravimetric analysis (TGA) and especially 

by differential thermal analysis (DTA). DTA measurements of the uncalcined synthesis 

product Fig. 3-1 showed several distinct endothermic steps which are related to the 

corresponding weight losses in the TGA response.  

In the DTA signal (dashed red line), two endothermic processes (1) and (2) occur at ca. 

150°C and ca. 220°C, where the first one is attributed to the decomposition of urea to 

isocyanic acid and the formation of biuret (Fig. 3-2a) at 150°C. The 220°C signal is related 

to the formation of cyanuric acid and ammelide (Fig. 3-2b). Both steps are accompanied 

by the release of NH3, as had been demonstrated earlier [246,247]. 
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Fig. 3-1  Gravimetric (black line) and differential thermal analysis of uncalcined TiO2−(x+y)NxCy (dashed

 red line) (initial molar ratio M(N) : M(Ti) = 15 : 2, heating rate 10°C min−1, going from 20 to

 1000°C under Ar). 

 

Step (3) in Fig. 3-1 (360 to 510°C) is related to the decomposition and polymerization of 

cyanuric acid and ammelide. This is followed by the decomposition of these species above 

550°C, which is reflected by the steep increase (4) in the DTA and the continuous loss of 

mass in the TGA [245–247]. The release of NH3 gas is more obvious in the gravimetric 

signal (black line), where the mass loss is most pronounced at steps (1) and (2), with a Δm 

of about 45%. An additional weight loss between 300 and 500°C (20%) supports the idea 

of a further release of ammonia during the oligomerization and polymerization process. 

The same is true for the last significant decrease in the TG signal by 10% above 550°C 

when the oligo- / polymeric products decompose. 

Overall, the thermogravimetric and DTA measurements fully support the dissociation of 

urea into the NH3, which acts as direct N source for the incorporation of nitrogen into the 

titania network in a temperature range of 175°C to 400°C. 
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Fig. 3-2  Reaction scheme describing a) the thermal decomposition of urea to biuret and b) the further

 reaction of urea to cyanuric acid and of cyanuric acid to ammelide, respectively, under release

 of NH3 and H2O. 

3.3.2 XPS Characterization 

The presence of carbon and nitrogen species in the sample (initial Ti : N ratio: M(Ti) : 

M(N) = 2 : 15), more specific in the surface near regions of the modified TiOx samples, 

and their incorporation into the titania network after different calcination temperatures 

were quantified using XPS. Survey spectra (not shown) reveal the presence of C, O, N 

and Ti as main components. Fig. 3-3 shows the development of the surface concentrations 

of these four elements in the respective samples after calcination to different temperatures. 

The oxygen content increases from ~43 at.% after drying in air (12 h) at 80°C to ~53 at.% 

after calcination at 225°C and then stays almost constant for the higher annealing 

temperatures. The total amount of carbon-containing species on the sample surfaces (25 

to 30%) as well as the content of Ti-related species (15 to 20 at.%) seems to be nearly 

independent of the calcination temperature, apart of a small increase when going from 

non-annealed material (dried at 80°C) to the calcined samples. 
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Fig. 3-3  Surface composition of N,C doped TiO2 samples (initial molar ratio M(N) : M(Ti) = 15 : 2)

 after calcination at different temperatures as deduced from XPS measurements. The fractions of

 carbon, nitrogen, oxygen and titanium in the surface region were determined from the peak

 areas of the C(1s), N(1s), O(1s), and Ti(2p) signals, respectively. 

 

Finally, the nitrogen content in the samples shows a strong decrease with increasing 

calcination temperature; above 80°C the nitrogen content in the sample drops from about 

18 at.% (at 80°C) to only 3 to 4 at.% in the temperature regime up to 300°C. For even 

higher calcination temperatures, we observe a further decrease to a value of about 1%. 

The trend to smaller nitrogen contents in the samples observed after annealing to higher 

temperature fits perfectly to the findings and conclusions of the thermal analysis presented 

before, where the weight loss during annealing of the samples, which occurred mainly in 

two temperature regions around 175 to 200°C and above 300°C was associated with the 

release of gaseous ammonia [246,247]. In a next step, we inspect the detail spectra in the 

C(1s) and N(1s) region to gain more insight into the appearance and disappearance of 

certain carbon- and nitrogen-containing species which are relevant for the decomposition 

process of urea and the incorporation of these species into the titania lattice. A similar 

evaluation of the detail spectra of the O(1s) and Ti(2p) peaks, which is less important for 
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the understanding of this process, is given in the supplementary data (in 3.5, Fig. 3-12 and 

Fig. 3-13). 

3.3.2.1 C(1s) region 

Fig. 3-4 shows the detail XP spectra of the C(1s) region from the uncalcined material 

(80°C) and from samples annealed to various temperatures from 175 to 400°C 

(temperatures given in the figure), where each annealing step was performed on a fresh 

sample. For comparison, we added the result of a measurement on a TiO2 sample, which 

was prepared in a similar way as the N-doped materials, but without addition of urea and 

applying a final annealing step to 500°C. These spectra were deconvoluted using five 

individual components representing carbon atoms in different chemical environments. 

The C(1s) region is dominated by a pronounced peak component at 284.8 eV, which is 

attributed to carbon atoms in hydrocarbon species (C–H and/or C–C bonded) [250,251]. 

This component was also used for calibrating the binding energy (BEs) scale, and thus to 

correct for sample charging. The validity of this calibration was cross-checked by 

comparison with the BE of the Ti(2p3/2) peak, which for all samples appeared at 458.7 eV, 

except for the uncalcined material, where due to the incomplete decomposition of the Ti 

alkoxide precursor after drying at 80°C a double peak structure is observed with peaks at 

458.7 and 460.5 eV. 

The Ti(2p3/2) BE of the calcined materials is in excellent agreement to previous findings 

for various TiO2 samples, where a “mean value” of 458.7 eV was reported [252]. The next 

peak appears at 286.1 eV, a binding energy which is characteristic for C atoms with a 

single bond to an oxygen atom (C–O) [251]. In the non-annealed sample (dried at 80°C), 

this component is attributed to the C atom attached to the oxygen atom of the alkoxide 

chain of the Ti-precursor. Upon annealing to temperatures above 175°C, this peak is 

exclusively assigned to C atoms, which are inserted into the TiO2 lattice, since the 

alkoxide (see above), here butanolate, starts to evaporate at 118°C. Thus, in the annealed 

samples this peak can be used as indicator for the incorporation of the carbon species into 

TiO2. 
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Fig. 3-4  Detail XP spectra (black symbols) of the C(1s) region of the N,C doped TiO2 samples after

 drying at 80°C (initial molar ratio M(N) : M(Ti) = 15 : 2, uncalcined sample) or after calcination

 to different temperatures as indicated in the figure. For comparison we show, in the topmost

 part, a spectrum of a similarly prepared TiO2 sample (without urea addition). Thin colored lines

 indicate the fitted contributions from individual components (see text). 

 

The component at 287.3 eV is attributed to the carbon atom in an isocyanate species  (N–

C=O) [251], which is formed as a side product in the decomposition of urea and can react 

further to biuret at elevated temperatures (Fig. 3-2). Finally, the signals at 288.9 eV and 
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290.5 eV are attributed to adsorbed C=O and carbonate species, respectively, where both 

species originate from CO2 adsorbed from air. The evolution of the concentrations of these 

species with increasing annealing temperature is shown in Fig. 3-5. 

For the non-annealed sample (80°C), the CO2,ad and carbonate species amount to ~41% of 

the C(1s) intensity, the hydrocarbon (C-H) component contributes ~30%, the C–O species 

23%, and the isocyanate species 6%. For the annealed samples, the picture changes 

dramatically. The contribution of the C–H peak increases more and more, growing first to 

~60% for annealing temperatures between 200 and 300°C, and then to almost 90% for 

surfaces annealed to higher temperatures. At the same time, the fraction of the CO2,ad 

component decreases significantly, e.g., to only slightly more than half of the initial 

content when going from the non-annealed sample to the one obtained after calcination at 

175°C. In the temperature regime between 200 and 300°C the component stays more or 

less constant, and finally for even higher annealing temperatures it decreases again 

steeply. 

 

 

Fig. 3-5 Contribution of the different carbon-containing species to the total atom concentration in the

 surface region. 
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The relative amount of the C–O component (Ti-O-C) remains almost constant after 

annealing to 175°C (at 28%), and decreases after annealing to temperatures between 200 

and 300°C, reaching values between 15 and 20%. Also for this component, heating to 350 

or 400°C results in a significantly lower peak intensity with less than half of the amount 

present after annealing to 300°C, to about 6%. At the same time, the isocyanate 

component, which has a stable contribution of ~7% up to 300°C, vanishes completely, 

indicating that no further carbon or nitrogen is incorporated into the titania surface (for 

nitrogen incorporation see also next section). This is in good agreement with the TGA 

data (Fig. 3-1) and the reaction scheme (Fig. 3-2), if at temperatures above 400°C further 

loss of mass results only from the polymerization of the urea decomposition products 

cyanuric acid and ammelide, and not from loss of carbon and nitrogen dopants. 

3.3.2.2 N(1s) region 

Detail XP spectra of the N(1s) region of the uncalcined material and of the C, N-doped 

TiO2 samples after annealing to increasing temperature are displayed in Fig. 3-6. 

Again, the topmost spectrum was recorded on a pure titania sample. The spectra of the 

uncalcined sample can be fitted by two peaks at 399.9 and 401.4 eV, respectively. The 

component at lower BE (399.9 eV), which comprises ~55% of the intensity of the N(1s) 

signal, is attributed to nitrogen atoms in the N-donor urea and its decomposition / 

condensation products [253] like, e.g., biuret and isocyanate. These are subsumed in the 

following as the N–C=O component [254,255], although this peak most probably also 

includes (small) contributions from Nad atoms which are formed by dissociative 

adsorption of N2 molecules from air (see below). The peak at higher BE (with ~45% of 

the N(1s) intensity for the uncalcined sample) is tentatively assigned to nitrogen atoms of 

protonated NH2 groups of urea [256,257], while free ammonium has a higher BE (see next 

paragraph). For the annealed samples, the main peak (N–C=O), which was assigned to 

urea and its decomposition and further reaction products isocyanic acid, biuret and 

ammelide, is again located at 399.9 eV. The peak of the ammonium component, now 

resulting from liberated NH4
+ formed from NH3 in acidic environment, appears at 

402.8 eV. 
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Fig. 3-6  Detail XP spectra (black symbols) of the N(1s) region of the N,C doped TiO2 samples after

 drying at 80°C (initial molar ratio M(N) : M(Ti) = 15 : 2, uncalcined sample) or after calcination

 at different temperatures. For comparison we show a spectrum of a similarly prepared TiO2

 sample (without urea addition) in the topmost part. Thin colored lines indicate the fitted

 contributions from individual components (see text). 

 

Additionally, a third component is detected between these two peaks at 401.3 eV, which 

is tentatively attributed to an oxynitride compound (such as a Ti–O–N species) [258]. This 
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nitrogen-containing species reflects the incorporation of nitrogen into the TiO2 lattice 

[258]. After annealing at 300°C, the peak attributed to ammonia (at 402.8 eV) has 

vanished. 

The total nitrogen concentration has dropped to below 1%. The remaining peak is most 

probably not related to the initial addition of urea, since a similar peak is also observed 

for a TiO2 powder, which was synthesized without addition of any nitrogen source. We 

tentatively attribute this contribution to Nad atoms, which are formed by dissociative 

adsorption of N2 molecules from air during the synthesis of the material or during its 

storage under air. It may be noted that a similar N(1s) peak is also found in the detail 

spectra of commercially available P25 titania powder (not shown for sake of brevity). The 

evolution of the atomic concentrations of the different N species in the surface region is 

displayed in detail in Fig. 3-7. As already discussed with Fig. 3-3, the total N concentration 

decreases in two steps, the first one occurring upon calcination at 175°C and the second, 

less pronounced one upon calcination at above 300°C. These steps reflect the 

decomposition / condensation of urea and the final decomposition of its condensation 

products, respectively. Both processes involve the release of ammonia from the material. 

This is also reflected by the development of the components of the N(1s) peak, which 

shows for the 175°C calcined material a steep decrease of the intensity of the ammonium 

peak to only a quarter of the value before calcination. 

Annealing at temperatures above 300°C leads to complete loss of the ammonium related 

peak. The Ti–O–N N(1s) peak at 401.3 eV remains stable at ~1 at.% for the samples with 

annealing temperatures between 175 and 250°C. Its intensity is lower for samples 

annealed at higher temperatures; the concentration of the related component is ~0.5 at.% 

after annealing at 275 and 300°C and < 0.1 at.% after even higher calcination 

temperatures, which directly reflects the decrease of the degree of N doping with 

temperature. Finally, the samples calcined at temperatures of 350 and 400°C additionally 

show a small peak component at a lower binding energy of ~398.2 eV, which is attributed 

to direct bonding of N to the Ti atoms in the lattice (see above). The concentration of this 

species is, however, with ~0.1 at.% similarly low as that of the remaining Ti–O–N species 

at these temperatures. 
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Fig. 3-7  Contribution of the different nitrogen-containing species to the total atom concentration in the

 surface region. 

 

Doubling the amount of urea added in the synthesis and subsequent calcination to 250°C 

leads to an almost six times higher content of the total N(1s) signal in the surface. The 

contribution of the desired Ti–O–N species at 401.3 eV is increased by a factor of two 

compared to the discussed sample above. In combination, the XPS findings from the C(1s) 

and N(1s) regions indicate that i) incorporation of carbon and nitrogen into the TiOx 

lattice, as evidenced by the presence of Ti–O–C and Ti-O–N species, requires annealing 

temperatures of at least 200°C, that ii) these processes are most efficient for calcination at 

250 to 300°C, and that iii) for higher temperatures the concentration of these species is 

increasingly lower again, and they are essentially absent for calcination at temperatures of 

350°C and above. 

3.3.3 Electrocatalytic Reduction of Molecular Oxygen 

Prior to the measurements in O2-saturated electrolyte, the thin film electrodes of the 

different titania based materials were characterized electrochemically in N2-saturated base 

electrolyte (in 3.5 supplementary data Fig. 3-14). 
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Fig. 3-8  a) Background subtracted ORR current response (geometric electrode surface area normalized

 current density) of pure TiO2 (dots) and N, C doped TiOx (initial molar ratio M(N) : M(Ti) =

 15 : 2) calcined at the temperatures indicated (colored lines), b) magnified view of the potential

 range around the onset potential (positive-going scan, 10 mV s−1, 1600 rpm, O2-sat.

 0.5 M H2SO4). 

 

The resulting cyclic voltammograms also provide the background current which has to be 

subtracted from the current response during the oxygen reduction reaction (ORR) (Fig. 

3-8, ring-disk measurement in 3.5 supplementary data Fig. 3-15). The background 

subtracted and geometric surface area normalized ORR current traces are shown in Fig. 3-

8, the onset behavior of the reaction is illustrated on a sensitive scale in the Fig. 3-8b. 

Obviously, both, the oxygen reduction current density in the potential range of 0.20 to 

0.40 V and the onset potential (| j(O2) − j(N2) | > 1.0 µA cm−2) for the ORR vary with the 

applied calcination temperature. The modified TiOx shows an improved ORR activity, 

compared to pure TiO2 (dots). A closer look at the calcination temperature dependence 

indicates an optimum pre-treatment temperature of 250°C for TiO2−(x+y)NxCy. Here, the 

oxygen reduction onset is located at about 0.60 V, equivalent to a decrease in overpotential 

by 0.40 V compared to pure titania and by 0.09 V with respect to the uncalcined or the 

200°C calcined TiO2−(x+y)NxCy samples, respectively. Higher calcination temperatures of 
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300 or 400°C do not improve the activity any further, as evident from the almost similar 

onset potentials. 

The same trend is reflected in the current density at 0.40 V, which is three times higher 

for the 250°C calcined TiO2−(x+y)NxCy sample than for the uncalcined and the 200°C 

calcined TiO2−(x+y)NxCy samples, respectively and double as high as obtained for the 

samples calcined at 300 or 400°C. The resulting current densities (at 0.4 V) are rather 

similar to the ones determined in the work of the Ota group for TaOxNy as well as for 

ZrOxNy [144,149,229,234]. The onset potential was even improved by almost 0.05 V 

compared to the latter materials, since those authors defined this as the potential where 

the absolute current density reached a value larger than 0.1 µA cm−2. 

From the XPS analysis (Fig. 3-4 / Fig. 3-5 and Fig. 3-6 / Fig. 3-7), the different catalysts 

can be categorized into three groups based on the dominant nitrogen species they are 

containing in addition to the N–C=O species with a N(1s) signal at 399.9 eV. The first 

group, where nitrogen and carbon are mainly present as NH4
+ species and bound to oxygen 

atoms (N–C=O and C=O), respectively, includes the uncalcined and the 200°C calcined 

sample. These materials are characterized by ORR activities close to those of the TiO2 

electrode. A second group, consisting of the samples calcined at 300 or 400°C, is 

characterized by small amounts of Ti–O–N and Ti–N, whereas the Ti–O–C group has 

already disappeared. The ORR activity of this group is slightly higher than that of the 

previous one. The third group is represented by the TiO2−(x+y)NxCy_250°C material, where 

the same nitrogen containing group is present as after calcination at 200°C, but in a two 

times higher amount, and also the Ti–O–C group is still present. This material exhibits the 

highest current density (−3.8 µA cm−2) at 0.40 V and the most positive ORR onset 

potential (0.60 V). Based on this classification, we tentatively propose that an improved 

ORR activity originates from the incorporation of nitrogen and carbon into the titania 

network in the specific forms of Ti–O–N and Ti–O–C, respectively. The interaction of the 

modified TiOx with molecular oxygen and the subsequent dissociation can be tentatively 

explained by the presence of specific defect sites created by the incorporation of nitrogen 

in the titania surface region, similar to proposals of other groups for the ORR on modified 

transition metal oxides [143,144,149,234]. Non-modified oxidic model surfaces can also 
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be active when surface defects are generated in a sufficient amount. It is well known from 

UHV studies on TiO2 single crystal surfaces that surface defects promote the adsorption 

and dissociation of O2 [259-262]. Surface defects are generated by preparation methods 

such as sputtering [141,229] or annealing of a Ti metal sample in an O2 atmosphere [230]. 

Both procedures result in higher current densities for pure titania than obtained in the 

present work. Considering that the 500°C calcined TiO2 sample still contains a significant 

number of defects, there must be other factors limiting the ORR activity of this sample. 

Although N modification caused a clear improvement of the ORR activity compared to 

TiO2, the ORR performance is not comparable to that of the commonly used carbon 

supported Pt catalysts or of massive Pt electrodes, which exhibit onset potentials of around 

1.00 V [217]. The lower activity of the metal oxide catalyst can be related to two effects, 

i) to the lack of sufficiently active surface sites required for dissociative adsorption of 

oxygen, and ii) to the low conductivity of the semiconducting titania based materials. The 

latter results in an apparent broadening of the kinetic region of the ORR current trace. This 

is in fact observed for the present materials, which do not reach the mass transport 

controlled current region in the applied potential range while for Pt electrodes this is 

reached at approximately 0.70 V. In principle it is possible to improve the conductivity by 

mixing the oxide material with carbon [231,263]. This reduces, however, the high 

corrosion stability of these materials, which is one of the main advantages of titania and 

other transition metal oxides compared to carbon. Therefore, this route appears to be little 

attractive. 

The ORR activity can also be improved by using higher amounts of urea, which results in 

different N to Ti ratios (Fig. 3-9, ring-disk measurement in supplementary data Fig. 31-

6). This is demonstrated by a series of oxynitrides that were prepared using different urea 

: Ti-precursor ratios. Since the previous ORR measurements (Fig. 3-8) had shown that the 

highest ORR activity was obtained at a calcination temperature of about 250°C, we 

applied the same calcination conditions. The blue curve in Fig. 3-9 represents the current 

response of TiO2−(x+y)NxCy_250°C which had already been shown in Fig. 3-9, with the 

same N : Ti ratio (of 15 : 2). 
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Fig. 3-9  a) Background substraacted ORR current response (geometric electrode surface area

 normalized current density) of N, C doped TiOx (colored line) with different molar N : Ti ratios

 used in the synthesis (ratios are given in the figure) and pure TiO2 (dots) and b) magnified view

 of the potential range around and below the onset potential (positive-going scan, 10 mV s−1,

 1600 rpm, O2-sat. 0.5 M H2SO4). 

 

A lower N : Ti ratio of 5 : 2 causes a decrease of the ORR activity, reflected by a decrease 

of the current density at 0.40 V to −2.1 µA cm−2 (compared to -3.8 µA cm−2 for the 15 : 2 

sample) and a down-shift of the onset potential to 0.49 V (compared to 0.60 V). A further 

lowering of the nitrogen content to a 1 : 1 (N : Ti) ratio  leads to a further decrease of the 

ORR activity, reaching essentially the behavior of pure TiO2 (not shown). In contrast, 

increasing the initial N : Ti ratio to 30 : 2 results in a significant increase in ORR activity, 

as evidenced by a doubling of the current density at 0.40 V compared to that of the 

reference sample (15 : 2) and a significant up-shift of the onset potential to 0.75 V. Also 

in this case, however, only low current densities are obtained and the mass transport 

controlled region was not reached in the present potential range.  

The data seem to indicate that even higher N contents would be beneficial. Because of the 

limited solubility of urea, however, a further increase of the N amount significantly above 

the highest N : Ti ratio of 30 : 2 is not possible via this synthesis route. Although about 1 
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g ml-1 urea can be dissolved in water, the addition of the Ti-precursor causes precipitation 

of urea during the sol gel synthesis. Therefore, a further increase of the N : Ti ratio is 

possible only by other procedures such as the thermal reaction of the oxide with gaseous 

ammonia [236,237,264] or the addition of ammonia solution during the oxide 

synthesis [238,265]. 

In total, these data clearly indicate that the incorporation of C and in particular of N into 

the TiOx surface lattice, as evidenced by the presence of Ti–O–C and Ti–O–N species in 

the XPS data, leads to a significant improvement of the ORR activity.  

3.3.4 Hydrogen Peroxide Oxidation / Reduction 

In addition to the overall ORR activity we also evaluated the activity of the TiO2−(x+y)NxCy 

materials for H2O2 reduction, which is of interest to decrease the amount of H2O2 that may 

have been formed via the non-dissociative 2-electron pathway during the ORR. This could 

also indicate whether these materials would be suitable Pt supports with an additional 

catalytic activity for H2O2 removal. Fig. 3-10 displays the hydrogen peroxide reduction / 

oxidation current densities after subtraction of the voltammetric response in the supporting 

electrolyte saturated with nitrogen. In the positive-going potential direction the beginning 

of peroxide oxidation to O2 is indicated by the anodic current density, which starts at a 

potential of about 0.80 V and then increases continuously. Comparing the oxynitride 

samples calcined at different temperature, the activity for H2O2 oxidation does not show 

the same trend with calcination temperature as observed during the ORR (see Fig. 3-8). 

First of all, pure TiO2 is electrocatalytically active, which was not the case for the ORR. 

Here it should be noted that it is well known that titania decomposes H2O2, which can be 

formed during water photolysis, via dehydrogenation under O2 production [266,267]. 

Obviously, this reaction also can occur without the UV-light induced photoexcitation in a 

pure electrocatalytic reaction. Similar differences between ORR and the H2O2 oxidation 

activity are observed also for the N, C doped Ti-based materials. 
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Fig. 3-10 a) Background substracted current response (geometric electrode surface area normalized current

 density) for H2O2 electrooxidation / electroreduction on pure TiO2 (dots) and on N, C doped

 TiOx (initial molar ratio M(N) : M(Ti) = 15 : 2) calcined at the temperatures indicated (colored

 lines). b) Magnified presentation of the cathodic currents (positive-going scan, 10 mV s−1,

 1600 rpm, 300 µl H2O2 (35 %) in N2-sat. 0.5 M H2SO4). 

 

For the uncalcined as well as the 200°C calcined sample the O2 formation from H2O2 is 

very low. Considering the low surface area of these materials, with 7 m2 g−1 compared to 

24 m2 g−1 for the more active pure TiO2, we tentatively attribute their lower H2O2 

oxidation activity to their much lower surface area. Going to materials exposed to higher 

calcination temperatures, the highest activity is again obtained for the material calcined at 

250°C, similar to our findings for the ORR. But this time, the TiO2−(x+y)NxCy_300°C 

electrode shows almost the same behavior. In a simple picture one may explain this 

discrepancy by a lower impact of the N, C doping and the related formation of surface 

defects, assuming that this is less important for H2O2 oxidation, which does not require 

O-O bond breaking, than for O2 reduction, where the latter step is necessary. In that case, 

the similar surface area of the two synthesized materials, TiO2−(x+y)NxCy_250°C and 

TiO2−(x+y)NxCy_300°C, results in similar H2O2 oxidation activities, while the lower doping 
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level of the TiO2−(x+y)NxCy_300°C electrode results in a lower ORR activity compared to 

the TiO2−(x+y)NxCy_250°C sample. 

Similar trends as described above for the positive-going scan are found also in the 

negative-going scan for the reduction of peroxide, which involves an O–O dissociation 

step. This is better visible in a magnified view in Fig. 3-10b. The H2O2 reduction current 

densities are much smaller than the oxidation current densities. Obviously, the activity of 

the TiOx materials for H2O2 reduction is much lower than that for H2O2 oxidation. This 

can again be explained by the lower activity for O−O bond breaking of these materials, 

which is required for H2O2 reduction but not for its oxidation. Moreover, O2 produced via 

H2O2 oxidation at potentials above 0.85 V may interact with the same reactive sites on 

these TiOx based catalysts as hydrogen peroxide. The reduction of O2 may be responsible 

for the additional increase of the cathodic current density at around 0.35 V for pure TiO2 

and at 0.45 V for TiO2−(x+y)NxCy_250°C and _300°C showed in the magnified presentation 

in Figure 10b. 

 

 

Fig. 3-11 a) Background subtracted current response (geometric electrode surface area normalized current

 density) for H2O2 electrooxidation / electroreduction on pure TiO2 (circles) and on N, C doped

 TiOx (colored line) with different N : Ti ratios in the synthesis. b) Magnified presentation of the

 cathodic currents (positive-going scan, 10 mV s−1, 1600 rpm, 300 µl H2O2 (35 %) in N2-sat.

 0.5 M H2SO4). 



 77  

 

In that case, the current plateau reached at potentials < 0.25 V could be caused by transport 

limitations in the ORR due to the low O2 bulk concentration. We evaluated the influence 

of the N-doping level also for the electrocatalytic reaction of H2O2 (Fig. 3-11). We again 

relate the small differences in peroxide oxidation currents (positive-going potential 

direction) between the low N : Ti molar ratio material (5 : 2) and the pure titania mainly 

to the higher specific surface area of TiO2, which causes an increased oxygen evolution. 

Following the above interpretation, for the H2O2 reduction one would expect 

counteracting effects of the lower surface area and the higher defect density (doping level) 

for the N, C doped TiOx samples, which results in a similar current density for the 

TiO2−(x+y)NxCy_15:2 and the pure TiO2 sample (Fig. 3-11b). 

For the catalysts with higher N contents, we find an increase in current density compared 

to that obtained on TiO2 for both the oxidation and the reduction reaction. The effect is 

more pronounced for the reduction than the oxidation reaction, but in both cases 

significantly less than obtained for the ORR. This resembles the findings for the effects 

caused by the calcination temperature (see Fig. 3-10), where the effects were also much 

lower than for the ORR, but larger for the H2O2 reduction than for the H2O2 oxidation 

reaction. This supports the interpretation given above according to which the closer 

similarity between H2O2 reduction and the ORR compared to H2O2 oxidation and ORR is 

due to the O–O bond breaking required in both reduction reactions, whereas for H2O2 

oxidation this is not required and the reaction is more facile and less affected by the surface 

defect density. 

In total, the results obtained for the H2O2 reduction show similar trends as obtained for 

the ORR, which is attributed to the fact that both reactions involve O–O bond breaking 

where the density of surface defects and hence the extent of (near surface) doping plays 

an important role. For H2O2 oxidation, in contrast, the surface area seems to play a more 

important role than in the previous cases, which we attribute to a more facile H2O2 

oxidation, where surface defects are not necessarily required for the reaction to proceed. 

Finally, an additional cathodic current signal at potentials < 0.40 V is attributed to the 

reduction of O2, which has been formed as product from the H2O2 oxidation at high 
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potentials (above 0.80 V) in the preceding positive-going scan and which even under 

rotation is not fully removed from the porous TiOx film electrodes.  

3.4 Conclusions 

In summary, we have explored the potential of chemically and structurally well defined 

N, C doped titania materials, which were prepared via a sol-gel synthesis in an aqueous 

urea solution, as Pt-free catalysts for the oxygen reduction reaction. The catalyst 

performance was optimized by varying the temperature of the calcination process required 

for the thermal decomposition of urea between 200°C and 400°C and the initial N : Ti 

molar ratio. Based on STA and XPS analysis, three different temperature ranges could be 

distinguished. In the first one (up to 175°C) decomposition products of urea were formed 

under release of NH3, which acts as reactive species for nitrogen doping. XPS analysis of 

the various calcined materials confirmed the presence of nitrogen- as well as of carbon-

containing species, the latter developed from the titanium alkoxide precursor. In this range 

of calcination temperatures we find NH4
+ and adsorbed CO2 signals, in addition to the 

dominant N(1s) and C(1s) signals of adsorbed N and biuret (399.9 eV) and of 

hydrocarbons (284.8 eV), respectively. Incorporation of N and C into the TiOx lattice is 

just starting at an annealing temperature of about 175°C. In the second range, for 

calcination temperatures up to 250°C and 300°C, where the urea decomposition is 

complete and the resulting products are further oligomerized under liberation of NH3, the 

two features in the N(1s) and C(1s) regions attributed to Ti–O–N groups (N(1s)) and Ti–

O–C groups (C(1s)) become more pronounced, whereas the concentrations of the NH4
+ 

and CO2,ad species become increasingly lower. In the third range, for even higher 

calcination temperatures, the intensities of the Ti–O–N groups (N(1s)) and Ti–O–C groups 

(C(1s)) get increasingly lower again. At the upper calcination limit (400°C), these signals 

are almost completely absent, < 1 at.% and < 0.2 at.% for the related C(1s) and N(1s) 

signals, respectively. In this range, the formation of a direct O–Ti–N bond is indicated by 

a N(1s) signal at 398.2 eV. Finally, raising the amount of urea leads to an increase of the 

Ti–O–N content roughly by the same factor as the increase in urea. The electroreduction 

of oxygen, as indicated by the onset potential and by the current density at 0.40 V, showed 



 79  

 

an increasing activity with increasing calcination temperature up to 250°C, whereas higher 

temperatures caused the activity to decrease again. The higher activity was attributed to 

the presence of both, the Ti–O–N and Ti–O–C groups. A similar trend was observed for 

the reductive or oxidative removal of H2O2, which is an undesired reaction intermediate 

in the oxygen reduction reaction. Increasing the molar N : Ti ratio by increasing the 

amount of urea up to the dissolution limit further improved the ORR activity. Overall, N, 

C doping led to a significant improvement in the ORR activity compared to pure TiO2, 

making this a promising approach. Nevertheless, the performance of the modified titanium 

oxide is still far from that of state-of-the-art Pt-based ORR catalysts. Systematic 

optimization of the doping strategies and the defect structure of the materials is expected 

to result in further improvement. 
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3.5 Supplementary Data 

 

Fig. 3-12 Detail XP spectra (black symbols) of the O(1s) region of the N,C doped TiO2 samples after

 drying at 80°C (uncalcined sample) or after calcination to different temperatures as indicated in

 the figure. For comparison we show, in the topmost part, a spectrum of a similarly prepared

 TiO2 sample (without urea addition). Thin colored lines indicate the fitted contributions from

 the individual components. 
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Fig. 3-13 Detail XP spectra (black symbols) of the Ti(2p) region of the N,C doped TiO2 samples after

 drying at 80°C (uncalcined sample) or after calcination to different temperatures as indicated in

 the figure. For comparison we show, in the topmost part, a spectrum of a similarly prepared

 TiO2 sample (without urea addition). Thin colored lines indicate the fitted contributions from

 the individual components. 
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Fig. 3-14 Current response (geometric electrode surface area normalized current density) of pure TiO2

 (grey line) and N, C doped TiOx calcined at the temperatures indicated (colored lines) in the

 base electrolyte (10 mV s−1, N2-sat. 0.5 M H2SO4). 
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Fig. 3-15 Background subtracted ORR current response (geometric electrode surface area normalized

 current density) of N, C doped TiOx calcined at different temperatures after  the synthesis as

 indicated in the figure (colored lines) and pure TiO2 (dots). a) Disk signal (normalized via

 BCV), b) ring signal (pc Pt ring, 0.125 cm2) and c) H2O2 yield calculated with a collection

 efficiency of N = 0.2 (10 mV s−1, 1600rpm, O2-sat. 0.5 M H2SO4). 
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Fig. 3-16 Background subtracted ORR current response (geometric electrode surface area normalized

 current density) of N, C doped TiOx with different molar N : Ti ratios used in the synthesis as

 indicated in the figure (colored lines) and pure TiO2 (dots). a) Disk signal (normalized via

 BCV), b) ring signal (pc Pt ring, 0.125 cm2) and c) H2O2 yield calculated with a collection

 efficiency of N = 0.2 (10 mV s−1, 1600rpm, O2-sat. 0.5 M H2SO4). 
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4 Performance of Titanium Oxynitrides in the 

Electrocatalytic Oxygen Evolution Reaction 
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with permission from Nano Energy (2016, DOI: 10.1016/j.nanoen.2016.05.034). The 

experimental section (section 2 in the publication) was removed to avoid duplication. The 

style as well as the numbering of the sections, the references and the figures have been 

adapted to fit the layout of the thesis. For the same reason some spellings have been 

uniformed. The figures and text from the Supplementary Data are added at the end of the 

chapter. 

My personal contributions to this publication were to plan the synthesis and the 

characterization methods of the N-modified materials. Moreover, I planned and performed 

all electrochemical measurements. Additionally, I wrote the draft of the manuscript and 

was strongly involved in the subsequent development process of the here depicted 

publication. The synthesis of the materials were partly performed by M. Wassner 

(Salzburg University) and P. Fischer, whose results of the physical characterization from 

his master thesis (Ti(IV)- & Ta(V)-oxynitride-based electrocatalysts for water electrolysis, 

Ulm University, 2013) are displayed in the publication. All other contributors are listed in 

the acknowledgement of this chapter. 
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4.1 Abstract 

We report results of a detailed study on the activity and stability of titanium oxynitrides 

in the oxygen evolution reaction (OER) and their correlation with structure and (surface) 

composition of these materials, which had been reported as promising catalysts for this 

reaction and for the reverse oxygen reduction reaction (ORR). Combining electrochemical 

flow cell measurements with online mass spectrometry analysis (differential 

electrochemical mass spectrometry) allows us to separate catalytic O2 evolution from 

other electrochemical reactions such as catalyst oxidation. Materials with different 

nitridation levels were fabricated via thermal treatment of titanium oxide in gaseous 

ammonia. The resulting materials, which cover a wide range of O : N ratios, were 

characterized by X-ray diffraction, elemental carbon-hydrogen-nitrogen analysis, and X-

ray photoelectron spectroscopy, yielding information about bulk crystallinity, chemical 

composition, and surface species present, respectively. They show increasing oxidation 

current densities starting at about 1.2 V, with a peak maximum at 1.7 V. Online mass 

spectrometry analysis, however, reveals that this current results from oxidation of the 

electrode surface rather than from O2 evolution, while O2 evolution occurs only at 

potentials > 1.7 V. Increasing nitride contents were found to increase the electrochemical 

electrode oxidation reaction, while the onset of O2 evolution is independent of the extent 

of nitridation. Consequences of these findings on the suitability of these materials as OER 

catalysts will be discussed. 

4.2 Introduction 

Electrochemical water splitting and, in particular, the electrochemical O2 evolution 

reaction (OER) have attracted rapidly increasing interest in recent years because of their 

potential role in the chemical storage of excess electric energy in renewable energy 

concepts [44,269]. In contrast to the H2 evolution reaction (HER), which at least on Pt 

metal electrodes is relatively fast with little overpotential [18], the oxygen evolution 

reaction is known to show slow reaction rates and a significant overpotential [44]. The 

most prominent non-noble metal catalysts for the OER are transition metal oxides, 
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particularly, IrOx, RuOx, and CoOx [44,270]. However, the price for these oxidic catalysts, 

especially, for the noble metal based ones, is rather high and their availability is limited. 

Therefore, the identification of less expensive materials with similar or only slightly lower 

O2 evolution activities is in the focus of many studies [46,48]. Considering the principle 

of microscopic reversibility, it would be tempting to explore the activity of oxide based 

catalysts active for the oxygen reduction reaction (ORR) also for the reverse reaction, the 

OER. Following these arguments, the nitrides and oxynitrides of tantalum, zirconium and, 

in particular, titanium, have been investigated as potential catalysts both for the ORR 

[146,149,220,231,234,271,272], a core reaction in polymer electrolyte fuel cells (PEFCs), 

and for the reverse electro- [156,272-275] and photoelectrocatalytic [154,277,278] water 

splitting reaction (O2 evolution). So far, we studied the activity of modified titania 

materials as Pt-free catalysts or as support for Pt nanoparticle catalysts in the ORR 

[220,235], and similar materials were just recently studied also by Seifitokaldani et al. 

[279].  

In the present paper, we report results of a study on the electrochemical and 

electrocatalytic properties of titanium oxynitrides (TiOxNy), focusing on their 

performance in the OER. Comparable studies, starting with either Ti nitrides, which were 

oxidized to oxynitrides during the OER [274], or directly with Ti oxynitrides [156,276], 

claimed these materials to be promising catalysts for the OER. Here it is important to note, 

however, that these studies and the resulting conclusions were purely based on Faradaic 

current measurements, which means that they could not distinguish between 

electrocatalytic O2 evolution and other reactions, e.g., oxidation of the catalyst material. 

The importance of separating these different contributions from each other was underlined 

also in recent studies of the OER over Co3O4 [280] or Ni-Fe oxide [281] catalyst. This 

information would be helpful also for gaining insight on the stability of the catalysts under 

reaction conditions [282], which is highly important also for the assessment of OER 

catalysts in general. Considering these problems we employed a combination of 

electrochemical flow cell measurements and online mass spectrometric analysis 
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(differential electrochemical mass spectrometry - DEMS) to directly detect the O2 formed 

in the OER and separate this from electrode oxidation reactions. 

Before presenting and discussing the experimental results, we will briefly summarize 

previous findings which are relevant for this work. To begin, it should be noted that there 

are two definitions of Ti oxynitride materials given in the literature. The first one includes 

materials consisting of a defined single bulk phase, nitride or oxide, which exhibit a doped 

surface with individual, separated oxynitride sites. These materials are either synthesized 

starting from TiO2 and doped with N at low temperatures [265] or formed via partial 

oxidation of TiN [283]. Their activity in the ORR in acidic electrolyte has been studied 

by Liu et al. [141] and Chisaka et al. [149], and recently also by our group for surface N-

doped oxynitrides [220]. The second category of oxynitride materials refers to high-

temperature N-modified TiO2, which results in a mixture of pure oxide and nitride bulk 

phases, while the surface also contains O−N groups. Main nitrogen sources for the 

modification are urea [156], its derivatives [284] or ammonia (NH3) [194,285]. Since the 

different nitrogen modification routes for the oxynitride materials often result in a 

conductive TiN bulk composition, the applicability of these materials in water electrolysis 

seems to be feasible [274] Nevertheless, there are only few studies investigating the 

electrocatalytic OER activity of Ti oxynitrides [156,276].  

In the following, we will first give a brief description of the experimental setup and 

procedures, including in particular the synthesis of titanium oxynitrides (experimental 

section). Next, we present and discuss characteristic properties of the TiOxNy materials, 

such as their chemical composition, surface composition and structure, which were 

evaluated by a variety of different methods such as elemental analysis (CHN), X-ray 

photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) (section 4.3.1). 

Additionally, N2 sorption measurements were performed to determine the specific surface 

area (BET surface area) (Supporting Information). The electrochemical properties as well 

as the OER activity in acidic electrolyte were characterized by cyclic voltammetry (CV) 

in combination with online DEMS (section 4.3.2). The discussion of the results focuses 

on correlations between electrochemical / electrocatalytic properties and the structural 



 89  

 

characteristics on the one hand and on the stability / degradation of these materials in the 

relevant potential region on the other hand. 

4.3 Results and discussion 

4.3.1 Physical characterization 

X-ray diffractograms of the titanium based samples produced with systematically varied 

ammonia flow during the synthesis at 800°C (TiO2_800_[42 to 250]) illustrate the 

progressing transformation of TiO2 to TiN under these conditions with increasing 

ammonia flow rates (Fig. 4-1a). For the lowest flow rate (TiO2_800_42), distinct reflexes 

of the anatase [286] and rutile [287] phases coexist, with the main intensity reflexes at 

25.4 and 27.5°, respectively. Obviously, the partial transformation of anatase to 

rutile [288] at the high temperature makes the latter one the dominant phase. Moreover, 

titanium nitride reflexes, especially the main intensity reflex at 43.1°, are already clearly 

visible. Note that this reflex is slightly shifted, by 0.5°, compared to the reference 

signal [289], which is an indication that also a TiO phase is present [290]. The TiN related 

reflexes increase progressively in intensity for the following two samples with higher 

ammonia flow rates (TiO2_800_83, TiO2_800_167). A complete nitridation is, however, 

not reached under these conditions, as evident from the persistent rutile reflexes and the 

above mentioned presence of TiO reflexes. Only the anatase phase vanishes completely. 

Hence, as expected, the less stable anatase phase is transformed more rapidly than the 

more stable rutile phase, either into rutile or directly into the nitride phase [291]. The 

diffractograms of TiO2_800_167 and TiO2_800_250 are rather similar, although the 

ammonia flow rate used for their synthesis differs by a factor of 1.5. Transformation to 

nitride has progressed even more than observed at lower ammonia flow rates, as evident 

from the further decreasing intensity of the rutile related reflex at 27°. 

The products resulting from the synthesis procedure, in particular for the 42 and 

83 NmL min−1 ammonia flow rate, are close to what is commonly referred to as titanium 

oxynitride [156,292,293], with coexistent TiO2, TiO and TiN crystalline phases. There are 
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no stoichiometric, crystalline phases reported for titanium oxynitride itself [283], even 

though this term has been used repeatedly [156,293,294]. 

In a second series of measurements we explored the influence of varying the reaction 

temperature (TiO2_[700 to 1000]_250), while keeping the ammonia flow rate 

(250 NmL min−1) and the reaction time (2 h) constant. The resulting diffractograms are 

shown in Fig. 4-1b. For the lowest reaction temperature, 700°C, the sample (Ti_700_250) 

consists almost entirely of titania, with a high fraction of anatase, and nitride formation 

has barely started. For the higher temperatures, the samples consist almost entirely of pure 

titanium nitride, with no titanium dioxide reflexes visible. The nitride reflexes are again 

shifted by 0.5° to larger angles (2θ) compared to the reference spectrum [289]. As stated 

before, this is an indication for the presence of TiO phases [290,295]. 

Also these data support that there is no specific oxynitride phase formed. Overall, the data 

indicate that the transition into the ‘oxynitride’ starts at temperatures of about 700°C, 

which is 150°C higher than the decomposition temperature of NH3 [294]. Therefore, the 

nitridation is not limited by the formation of nascent nitrogen, but by that of the 

transformation process itself. At this temperature the reaction is rather slow, and even after 

calcination for 2 h, transformation of the oxide into the nitride phase has just started. 

Hence, the extent of nitridation can be well controlled when using the reaction conditions 

of TiO2_700_250 and varying the synthesis time. In total, these results agree rather well 

with the findings of Li et al. [296], who also observed the coexistence of a dominant 

anatase phase and smaller or very small amounts of rutile and TiN, respectively, upon 

transformation under similar conditions. On the other hand, we did not find the TiO2 

related reflexes to be absent after reaction at 800°C and a low NH3 flow, as it was reported 

by that group. 
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Fig. 4-1 XRD of a) TiO2_800_[42 to 250] and b) TiO2_ [700 to 1000]_250 as indicated in the figure.

 Bottom, reference XRD of TiO2 – anatase [275], TiO2 – rutile [276], and TiN [278]. 

 

As expected from a simple consideration of general reaction kinetics, a variation of the 

reaction temperature should affect the nitridation much more strongly than an increase of 
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the ammonia flow rate. At 800°C, the transformation is already largely completed after 2 

h at 167 NmL min-1 ammonia flow. Calcination at the higher temperatures, 900°C and 

1000°C, results in an almost complete transformation into the nitride bulk structure 

(ammonia flow 250 NmL min-1). These results also indicate that calcination at 900°C is 

sufficient to form the nitride material within the applied time frame. Higher temperatures 

are not necessary and will only decrease the specific surface area (Tab. 4-1). 

Further evidence for an increasing nitrogen content comes from the two elemental analysis 

methods, CHN analysis and XPS. The latter differs from the CHN analysis in that it refers 

to the surface composition. Furthermore, it provides information on the oxidation states 

of the respective elements and the compounds present, here in particular oxide, oxynitride 

and nitride. The contributions of the different elements, as derived by the two methods, 

are depicted in Fig. 4-2a and b, and listed in the Supplementary Data (Tab. 4-2). We start 

with the discussion of the results of the CHN elemental analysis (Fig. 4-2a).Here it should 

be noted that the results of this analysis method were initially given in wt.% and were 

converted into at.% for comparison with the XPS results. This was done by taking into 

account that we obtained negligible contents of C and H, and by considering only two 

phases, TiN and TiO2, where TiO2 also includes the mentioned TiO species. In agreement 

with the findings of XRD, the series of samples calcined at constant temperatures showed 

a more steady increase in the relative nitrogen content, with almost identical contents for 

the two highest flow rates, than the series of samples calcined at different temperatures in 

a constant ammonia flow rate, where the increase is more sudden. In that case the nitrogen 

content is at a very low level at 700°C (TiO2_700_250: 6.4 at.%), followed by a sudden 

jump to above 34.6 at.% at 800°C . For TiO2_900_250 and TiO2_1000_250 the nitrogen 

contents of 43 and 45 at.%, respectively, come close to the limiting value of 50 at.% 

(complete conversion into TiN), although they do not reach it fully. The above results 

essentially reproduce the trend determined from the XRD analysis, but allow a more direct 

assessment of the extent of the nitridation by the nitrogen content. Again, the onset of the 

transformation from the oxide to the nitride phase is clearly indicated by the sudden 

increase of the nitrogen content when going from 700 to 800°C reaction temperature and 



 93  

 

higher. However, different from the XRD data the elemental analysis indicates that the 

oxide was not completely transformed to pure TiN. This result agrees rather well with 

previous findings by Kamiya et al., who reported that complete nitridation of TiO2 is not 

possible under similar reaction conditions, i.e., atmospheric pressure of ammonia and 

temperatures up to 1000°C [297].  

The information on the chemical and phase composition of the bulk, derived from XRD 

and CHN elemental analysis, is complemented by information on the surface composition 

and on the oxidation state of the respective elements present in the surface region derived 

from the XPS measurements. The atomic concentrations of the different samples 

determined from XP detail spectra are shown in Fig. 4-2b. The main difference to the 

elemental analysis results from the surface sensitivity of the XPS measurements. The large 

carbon concentration and part of the (compared to CHN elemental analysis larger) oxygen 

concentration are due to contaminations, which are accumulated on the surface. When we 

neglect the carbon contributions in the XP spectra (Fig. 4-2c), we find a steady increase 

of the nitrogen content with increasing ammonia flow rate and with increasing reaction 

temperature, in reasonable agreement with the trends described for XRD and elemental 

analysis for the bulk composition (see above). In particular for the samples with increasing 

ammonia flow, the initial ratio of 0.5 increases stepwise to 0.8, i.e., it approaches but does 

not reach the stoichiometric ratio of 1:1 for TiN. This resembles the findings in the CHN 

analysis, where the theoretical molar nitrogen content in TiN was also not reached, 

illustrating the good qualitative agreement between surface composition (XPS) and bulk 

composition (CHN). The same trend is found for the materials synthesized at different 

temperatures, where the N:Ti ratio of TiO2_700_250 is very low with 0.1 and increases 

up to 0.8 for the TiO2_1000_250 sample. This is again in good accordance with the bulk 

composition determined via CHN analysis. 
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Fig. 4-2 a) Bulk and b) surface composition of the different oxynitride materials as indicated in the

 figure, determined via CHN elemental analysis and XPS, respectively. c) Comparison of the

 N:Ti ratios determined via CHN and XPS analysis, as indicated in the figure. The carbon and

 Nads contributions (contamination) were neglected. 

 

Altogether, the consistently higher N:Ti ratios determined by CHN elemental analysis 

(bulk composition) than by XPS analysis (surface composition) (cf. Fig. 4-2c) indicate a 
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higher degree of nitridation in the bulk compared to the surface of the samples. The 

reasons for this finding will be discussed below in detail.Additional information on the 

surface composition is obtained from the shape of the N(1s) and Ti(2p) spectra of the two 

sets of samples, which are presented in Fig. 4-3 (increasing ammonia flow rate at constant 

reaction temperature) and in Fig. 4-4 (increasing reaction temperature at constant flow 

rate), together with a deconvolution of the different contributions to the overall spectra. A 

detailed presentation of the amount of the different contributing species is also given in 

Fig. 4-5. As evident from Fig. 4-3a, the N(1s) signal consists for all NH3 flow rates of a 

pronounced signal at 396.6 eV, which was attributed to a N-Ti neighborhood [298], and a 

much less intense signal at 398.5 eV, which has been related to intermediate species, in 

which both N and O are bound to Ti atoms [293]. The formation of these species can be 

explained by the NH3 nitridation mechanism, where a sub-oxidic titania species is formed 

in an intermediate step, which reacts with nitrogen to form N-O-Ti groups [299]. 

 

Fig. 4-3 XP spectra of a) N(1s) and b) Ti(2p) for TiO2_800_[42 to 250] as indicated in the figure.

 Dashed lines display the contribution of oxide, nitride and oxynitride. 

The absence of such a species in XRD indicates that these do not form a crystalline phase, 

e.g., by existing only at the boundary between nitride and oxide phase [300]. Another 
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possible explanation for this discrepancy could be that these species are mainly present at 

the surface, and that in the bulk their concentration is below the detection limit of XRD, 

which fits to the comparatively small concentration of this species determined by XPS. 

Finally, a signal for adsorbed (atomic) nitrogen is detected at about 400.0 eV [301]. (Note 

that a similar peak is also found in the detail spectra of pristine P25 (spectra not shown), 

and therefore this species was not considered in the calculation of the N:Ti surface ratio). 

Further information on the contributions from the different Ti compounds can be derived 

from the Ti(2p) spectra (Fig. 4-3b). In that case we determined the contributions from the 

different nitride, oxynitride and oxide species from the Ti(2p3/2) signal in the range 455 - 

459 eV, the (less intense) Ti(2p1/2) signal is located at 5.5 eV higher binding energy. Here, 

a signal at 458.6 eV had been attributed to the fully oxidized species [302], while a signal 

at 456.9 eV was correlated with the above mentioned intermediate species [299,300]. The 

signal at the lowest BE, at 455.4 eV, is characteristic for a nitride species [300]. Although, 

the oxide peak exhibits the highest intensity, independent of the ammonia flow rate, the 

fraction of the peaks of N-containing species (nitride and oxynitride) increases with 

increasing ammonia flow from 40% (TiO2_800_42) to 60% (TiO2_800_250). Obviously, 

the bulk ratio of oxide to nitride determined by CHN elemental analysis and the XPS 

results differ considerably. The latter one arrive at a substantially larger oxide 

contribution, which is also reflected in the peak deconvolution of the spectra in the Ti(2p) 

region. As an example, XPS shows even for the almost completely nitridated sample 

TiO2_800_250, a significant oxide contribution on the surface. We assume that the regions 

close to the surface are initially fully nitridated, independent of the ammonia flow rate, 

assisted also by to the high contact area, while the bulk regions are still in the oxide state, 

due to the limited diffusion of surface nitrogen under these conditions (700°C). 

Subsequent exposure to air, during transport to the XPS spectrometer, then leads to a 

partial re-oxidation of the surface region [300,303], which is known for other nitridated 

oxides as well [304]. 
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Fig. 4-4 XP spectra of a) N(1s) and b) Ti(2p) for TiO2_ [700 to 1000]_250 as indicated in the figure.

 Dashed lines display the contributions of oxide, nitride and oxynitride. 

 

The bulk composition, in contrast, does not change upon exposure to air due to the limited 

oxygen diffusion. Finally, the comparison of the peak contributions in the N(1s) and 

Ti(2p) range (cf. Fig. 4-5) reveals that the nitride peak at 396.6 eV in the N(1s) range not 

only includes TiN species with a Ti(2p) peak at 455.4 eV, but also species which reflected 

by the intermediate peak at 456.9 eV. This result can plausibly be explained by a structure 

in which the N atoms are only bound to Ti atoms, while part of the Ti atoms also have O 

as binding partner (‒Ti‒O‒Ti‒N‒). 

A similar set of N(1s) and Ti(2p) detail spectra of the samples fabricated at different 

temperatures and constant ammonia flow rate is shown in Fig. 4-4. In general, the results 

resemble those presented for the variation of the ammonia flow rate, in particular they 

show the same species. For the lowest applied temperature (700°C), the XPS analysis 

shows similar to the results of XRD and CHN elemental analysis the predominance of the 

oxide phase (oxide peak) in the Ti(2p) spectra. In agreement to that, the N content and 
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N:Ti ratio (see Fig. 4-2) are the lowest of all samples studied. With further increase in 

temperature up to 800°C, the nitrogen content jumps to 22.9 at.%, followed by an only 

slightly increased content for TiO2_900_250 (27.3 at.%). 

 

Fig. 4-5 Contribution of the different a) nitrogen- and b) titanium-containing species in the XP spectra to

 the total atom concentration of every synthesized material as indicated in the figure. The carbon

 contribution (contamination) was neglected. 
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The final increase in synthesis temperature up to 1000°C leads to a contribution of N (28.8 

at.%) which is almost identical to that at 900°C. The deconvoluted signals for Ti(2p) as 

well as for N(1s) confirm the observations from elemental analysis and XRD that under 

present ammonia flow conditions and reaction times the high temperatures of 900 and 

1000°C, lead to the highest degree of surface nitridation. Nevertheless, different from 

findings for the bulk composition (XRD, CHN elemental analysis) there is still a 

considerable amount of oxide surface species present on these samples, which we 

attribute, next to a rather small amount of TiO, to partial re-oxidation of the nitridated 

surface (see above). This also leads to the appearance of the TiON species found at 399 

and 457 eV for the N(1s) and the Ti(2p3/2) signal, respectively. The ratios of the different 

contributing species are plotted in Fig. 4-5. The O(1s) and C(1s) spectra of both series of 

samples can be found in the Supplementary Data (Fig. 4-12). 

Apart of the incorporation of nitrogen, the high temperature treatment is also expected to 

change the specific surface area due to reactive sintering. For a meaningful analysis of the 

electrochemical data presented later, the respective electrochemical currents are 

normalized with respect to the BET surface. Here we tacitly assume that this is 

proportional to the number of active sites, which is a valid assumption for a homogeneous 

material. The results of the N2 sorption experiments obtained for the two sets of samples 

are summarized in Tab. 4-1. These values were applied for calculating the current 

densities of the electrochemical current responses presented in Fig. 4-6 to Fig. 4-9. 

Interestingly, the data reveal a progressive growth of the specific surface area with 

increasing ammonia flow rate at constant temperature (800°C), which results in an 

increase of the specific surface area of about 50% from the lowest to the highest ammonia 

flow rate. We tentatively explain this behavior by a topotactic growth, which is often 

reported for transition metal nitride formation [305,306]. This causes a parallel orientation 

of the oxide and the nitride low index planes, which results in a channel like porosity and 

thus explains the observed increase of the surface area with ongoing nitridation. 
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Tab. 4-1 BET surface area of all synthesized samples, determined by isothermal nitrogen adsorption 

measurements. 

Sample SSA / m2 g−1 SSA / cm2 electrode-1  

Ti_800_42 20.3 8.1 

Ti_800_83 24.0 9.6 

Ti_800_167 25.0 10.0 

Ti_800_250 30.2 12.1 

Ti_700_250 36.5 14.6 

Ti_900_250 26.5 10.6 

Ti_1000_250 16.5 6.6 

TiO2 50.0 20.0 

 

These structures are also responsible for the increasing hysteresis, reflecting the presence 

of mesopores, which was observed in the N2 adsorption / desorption isotherms 

(Supplementary Data Fig. 4-11). On the other hand, an increasing synthesis temperature 

causes the oxynitride powder to sinter. This way, the specific surface area decreases to 

about half when raising the reaction temperature from 700°C to 1000°C. Note that 

increasing sintering is observed also when raising the reaction temperature from 900°C to 

1000°C, although nitridation is essentially completed. Hence, assuming that a decrease of 

the specific surface area also leads to a similar decline of the number of active surface 

sites (see above), a too high reaction temperature, higher than that required for the 

nitridation, should be avoided to not reduce the catalytic activity of the material. 

4.3.2 Electrocatalytic performance 

The electrochemical properties of the oxynitride/FTO electrodes and, for comparison, of 

a TiO2/FTO electrode, and their activity for the OER were evaluated by cyclic 

voltammetry. A first set, focusing on the electrochemical properties of the electrodes, 

extended over a potential range of 0 to 1.20 V, while a second set, aiming also at the OER, 

ranged from -0.30 V to 2.30 V. The resulting stable CVs, after about 10 potential cycles 

in the first applied potential window and the first and third cycle for the wider potential 

window, are collected in Fig. 4-6 and Fig. 4-7, respectively. 
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First of all, the TiO2/FTO electrode was characterized in the two applied potential 

windows of 0 to 1.20 V as a reference and in order to determine possible contributions 

from the FTO substrate. The CVs for TiO2 shown in Fig. 4-6a and b did not exhibit any 

characteristic electrochemical signals indicative of an oxidative or reductive process. 

Furthermore, they revealed a negligible double layer current density compared to the 

oxynitride materials (see Fig. 4-6a and b). The very low double layer current density of 

the TiO2/FTO electrode agrees perfectly with previous findings [307]. 

The stable base cyclic voltammograms of the set of oxynitride electrodes prepared with 

different ammonia flow rates (TiO2_800_[42 to 250]) show a much higher, by up to 

2 orders of magnitude, double layer current density compared to the TiO2/FTO reference 

sample. Even for TiO2_800_42, where according to the XRD analysis TiO2 was the 

dominant phase, the double layer capacitive current density is about sixty times higher 

than for the TiO2/FTO reference. With increasing nitridation (TiO2_800_[67 to 200]) the 

contribution from double layer charging increases. Note that the increase in specific 

surface area of the respective electrode materials, which clearly influences the double 

layer charging [308,309], has been removed in the graphs of Fig. 4-6 by normalizing the 

current densities to the BET surface areas of the respective electrodes. Therefore, the 

increased double layer charging has to be due to other effects. One possible explanation 

could be the increase of the conductivity of the particle core due to (electrically 

conductive) TiN formation [310]. This is supported by conductivity measurements on thin 

films of the differently synthesized oxynitrides, which indeed show a clear decrease in the 

specific resistance with increasing amount of nitrogen incorporated, both in data derived 

from measurements of U-I curves or in direct measurements of the film resistance (see 

Supporting Information and Fig. 4-14 therein for details). The set of CVs recorded on 

samples TiO2_[700 to 1000]_250, which were prepared by nitridation at different 

temperatures (and constant ammonia flow rates) exhibits the same general characteristics 

as the previous one (see in Fig. 4-6b). In this case, the complete absence of the TiN phase 

at the lowest reaction temperature, as indicated by XRD, leads to a CV which is rather 

close to that of the TiO2/FTO reference. 
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Fig. 4-6 Stable base cyclic voltammograms of a) TiO2_800_[42 to 250] and b) TiO2_ [700 to 1000]_250

 as indicated in the figure. Currents normalized via BET surface area and compared to TiO2 (N2

 saturated 0.5 M H2SO4, 10 mV s-1). 

 

However, even the small amount of TiN bulk phase observed for the 800°C synthesized 

materials already increases the double layer charge density drastically, e.g., by a factor of 

35 (measured between 0.40 and 1.20 V in the positive-going scan) compared to that of the 

100°C lower synthesized sample. This increase levels off for a fully nitridated material, 
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and the voltammograms of TiO2_900_250 and TiO2_1000_250 are nearly identical. In 

this case, the influence of the decrease in specific surface area becomes more dominant 

and results in a slight decrease of the double layer capacity.  

Comparing all electrodes, only the samples treated at the lowest calcination temperature, 

(TiO2_700_250) (Fig. 4-6b) or with the lowest flow of ammonia at 800°C (TiO2_800_42) 

(Fig. 6a) show distinct electrochemical oxidation or reduction features. In this case the 

current density exhibits a peak at about 0.10 V in the cathodic potential scan direction. 

This distinct peak at 0.10 V in an otherwise featureless CV resembles the current response 

of a pure FTO substrate [311]. Therefore, we tentatively relate this peak to an 

electrochemical process taking part at accessible areas of the FTO substrate rather than to 

the TiOxNy electrode film. With further increased ammonia flow or synthesis temperature 

the transformation to a dominant TiN bulk phase leads to an electrochemical response, 

which is rather similar for the different samples, with no distinct oxidation and reduction 

features.  

In a second series of measurements we extended the potential window of the CVs to an 

upper limit of about 2.30 V in order to include the onset of oxygen evolution, and also 

down-shifted the lower potential limit to −0.30 V in order to fully reduce the surface. 

Furthermore, we also monitored the formation of volatile products, specifically of O2, by 

DEMS. Starting again with the series of electrodes exposed to different ammonia flows 

(TiO2_800_[42 to 250]), we find a characteristic peak in the first positive-going potential 

scan (Fig. 4-7a, left), which starts at about 1.20 V, the peak maximum is at about 1.70 V. 

This onset potential is almost 300 mV lower than that reported for the OER on Pt, and 

similar to that observed on highly active IrO2 or RuO2 electrodes [270]. The formation of 

a distinct peak is not typical for O2 evolution, which normally shows an exponential 

current increase with increasing potential. Furthermore, there is no corresponding signal 

in the negative-going potential scan, which is equally unexpected and also points to a 

different origin of this current peak. This latter idea is confirmed by on-line mass 

spectrometric detection, following the evolution of O2 via the O2
+ signal at m/z=32 (Fig. 4-

7a, left bottom panel). For all samples the O2
+ signal is essentially at the background level 
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up to a potential of 2.10 V, where it starts to increase, following the Faradaic current in 

this potential regime. This O2 evolution behavior resembles that of the FTO substrate (see 

Supplementary Data, Fig. 4-13). Therefore, we suggest that it arises from accessible areas 

of the FTO substrate rather than from the oxynitride materials, although we cannot fully 

exclude contributions of the oxynitride film to the O2 formation at potentials > 2.10 V. 

But even if this were the case, the oxynitride films can be considered as essentially inactive 

for the OER. In the Faradaic current the contributions from O2 evolution (most likely on 

the FTO substrate) and from surface oxidation (of the oxynitride film) overlap, where the 

latter result in the characteristic peak structure, while the former one is responsible for the 

tailing at potentials above 2.00 V. In the subsequent potential cycles (see Fig. 4-7b for the 

third one) the current peak around 1.70 V was not observed any more. This points to an 

irreversible oxidation process occurring during the first potential cycle on the nitridated 

titania materials. Even for the two highest ammonia flows applied, which led to the highest 

oxidation currents in the first cycle, no current traces were detected in the subsequent 

potential cycles. Only the increase in current density above 2.10 V remains. Similar 

characteristics are observed also for the materials calcined at different temperatures 

(TiO2_[700 to 1000]_250), the related CVs are displayed in Fig. 4-7a in the panels on the 

right. Also these samples exhibit the peak in the Faradaic current between 1.20 and 2.10 

V in the positive-going scan, while there is no corresponding signal in the negative-going 

scan. In this case, the two samples with the highest synthesis temperatures show an even 

higher current density than obtained for the TiO2_800_250 sample. On the other hand, we 

find no such peak in the Faradaic current for the sample calcined at the lowest temperature 

(TiO2_700_250). Similar to the previous findings for electrodes exposed to different 

ammonia flows, we did not observe any O2 evolution in the mass spectrometric signal in 

this potential region, regardless of the calcination temperature. At potentials > 2.10 V, O2 

evolution starts again, which we had attributed as most likely be due to reaction at FTO 

sites accessible at cracks in the oxynitride films etc., as described before.  
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Fig. 4-7 First, a) and third, b) potentiodynamic cycle of TiO2_800_[42 to 250] and TiO2_[700 to

 1000]_250 as indicated in the figure. Bottom panels show respective mass signals for O2

 (m/z = 32); currents normalized via BET surface area and compared to TiO2 (N2 saturated

 0.5 M H2SO4, 10 mV s-1). 

 

Overall, the data provide clear proof that the broad signal in the Faradaic current with a 

peak at 1.70 V, which was also observed by Milošev et al. on sputtered TiN and ZrN films 

[275], is not related to O2 evolution. Instead, this must be due to an irreversible and 



106  

 

essentially complete surface oxidation of the nitride sites in the first positive-going 

potential scan at potentials above 1.20 V, as it had been suggested already by Milošev et 

al. [275]. This explanation is fully consistent with our different observations, e.g., that 

i) this peak is absent for the TiO2_700_250 sample, which was the only material with no 

nitride structure present, that ii) it is not observed in the cathodic scan direction, and that 

iii) its appearance is irreversible, i.e, it does not appear in the second or subsequent 

potential cycles, neither in the positive-going nor in the negative-going potential scan. It 

also means that the current densities reported for Ti-oxynitrides in a potential range of 

1.30 to 1.90 V [156,276] are not related to the OER. A quantitative evaluation of the 

charge densities of the Faradaic current responses in the region between current increase 

onset at about 1.20 V and the onset of O2 evolution from FTO at 2.10 V is shown in Fig. 4-

8. It clearly indicates that the oxidation charge increases with increasing nitridation. This 

trend supports the assumption of oxidation of the nitrogen sites. 

 

Fig. 4-8 Oxidation charges (Faradaic) evaluated from Fig. 7 in between 1.2 and 2.1 V (criss-cross

 column) in comparison with the nitride/oxynitride content of the respective material (black

 column). Contribution from the FTO substrate was subtracted. 
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To gain further information on the nature of the oxidative current peak around 1.70 V, we 

performed additional measurements. First, we monitored additional masses (multiple 

mass detection) to detect oxidation products other than O2 in a potentiodynamic 

measurement similar to those described above, using a TiO2_800_250 film electrode. 

Possible oxidation products monitored were CO2 for oxidation of organic residues, NO 

and NO2, where the latter could result from oxidation of ammonia residues from the 

synthesis or from surface nitrides and oxy-nitrides. The resulting Faradaic current and 

mass spectrometric scans are presented in Fig. 4-9a. The Faradaic current signal (top 

panel) reproduces the Faradaic current peak at 1.70 V presented and discussed before, and 

the same is true for the O2 mass signal (second panel from top). The additional scans 

indicate a small increase for CO2 (middle panel) and the NO signal (second panel from 

bottom) starting about 0.25 V more anodic than the onset of the Faradaic current peak. 

 

Fig. 4-9 Detailed investigation of TiO2_800_250: a) multiple mass study displaying O2 (m/z = 32), CO2

 (m/z = 44), NO (m/z = 30) and NO2 (m/z = 48), as indicated in the figure, and b) re-calcination

 effect on Faradaic (top) and the respective mass signal (bottom); currents normalized via BET

 surface area (N2-saturated 0.5 M H2SO4, 10 mV s-1). 
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In both cases the increase is close to resolution of the measurement. There is no evidence 

for NO2 formation, the signal remains at the background level. This also means that the 

NO signal is unlikely to result from fragmentation of NO2, since in that case one would 

not expect complete fragmentation with the molecular peak being completely absent. 

Hence, based on these data, there is some formation of CO2 and NO as oxidation products 

of carbon and N containing surface species, but the amount is extremely low.  

In another experiment we tested whether the oxidation of the electrode during the first 

potential cycle, which was irreversible during the electrochemical measurement, could be 

partly reversed thermally. For this purpose, we re-calcined a used TiO2_800_250 

electrode, in a N2 atmosphere at 200°C for 1 h, which is low enough to exclude significant 

(surface) changes in the material. A subsequent electrochemical measurement indeed 

showed the re-appearance of an oxidation peak in the first positive-going scan, although 

the charge was much lower than that obtained on the freshly prepared sample, about 20% 

of the latter one. In subsequent potential cycles (shown here for the third cycle), this peak 

did not appear anymore. Hence, its formation was again irreversible under electrochemical 

conditions, at least in the potential range covered in these experiments. Again, no O2 mass 

signal was detected, except for the FTO related increase at > 2.10 V. Overall, this 

experiment clearly demonstrates that the (electrochemical) oxidation process occurring in 

the positive-going scan of the first potential cycle, which is absent in subsequent cycles, 

can be partly enabled again by a thermal annealing process. This in turn means that the 

surface species which is oxidized in the first cycle can be (partly) recovered by thermal 

treatment. It is not irreversibly removed, e.g., by formation of volatile products during the 

electrooxidation. At this point one can only speculate on the details of the thermal process 

which partly restores the original surface. 

Finally, we characterized the electrode surface composition after electrooxidation by XPS, 

to gain information on changes in the electrode surface composition induced by the 

electrooxidation process. For this measurement, a TiO2_1000_250 electrode was emersed 

at the lower potential limit (after cycling), cleaned with ultrapure water and subsequently 

dried under a N2 stream at room temperature. 
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Fig. 4-10 XP spectra of a) N(1s) and b) Ti(2p) for TiO2_1000_250 before and after the first

 potentiodynamic cycle as indicated in the figure. Dashed lines display the contributions

 of oxide, nitride and oxynitride. 

 

Detail spectra of the N(1s) and Ti(2p) regions recorded from the fresh sample and from 

an emersed sample are presented in Fig. 4-10a and b. First of all, the total amount of 

nitrogen detected decreased slightly compared with the sample before electrochemical 

treatment, from 28.9 to 23.6 at.%, and the same is also true for the relative amount of 

nitride nitrogen (N1(1s) signal at 396.5 eV), relative to the total amount of nitrogen 

present, which decreased from 89.7% to 80.1%. Moreover, a small contribution at 

402.1 eV (2.4 %) appears after the electrooxidation, which is related to a N-O containing 

species. The latter peak was also observed by Milošev et al. [275] at slightly higher BE 

after their electrochemical treatment (sputtered TiN, upper potential limit 2.00 V). Our 

observation of the formation of a N-O containing species fully supports our assumption 

that the electrochemical treatment goes along with an oxidation of nitride sites. Going to 

the Ti(2p) signal, the amount of the TiN surface species, indicated by the signal at 

455.4 eV, decreases from 36.5% to 24.6% of the total Ti species, while that of oxide 
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species, reflected by the signal at 458.6 eV, increases from 37.2% to 48.7%. The content 

of the oxynitride species with a BE of 456.7 eV [299] does not vary significantly, the 

slight increase by 1% is at the error limits of the measurements.  

Overall, these results support a tentative model where surface nitride species are partly 

electrooxidized to surface oxide species in the oxidation peak at 1.70 V, either directly or 

via an oxynitride species. In the latter case, the amount of oxynitride species in the surface 

region stays about constant during electrochemical oxidation in the peak at 1.70 V. During 

re-calcination at 200°C, this oxidation behavior can be partly regained, and it is lost again 

in subsequent potential cycles. This is compatible with the observed trend to increasing 

charge in this oxidation peak with an increasing amount of surface nitride species (see 

Fig. 4-5). These measurements clearly demonstrated that the apparent OER activity of 

these Ti-oxynitride materials, starting at 1.20 V [156,276], was based on a 

misinterpretation of the Faradaic current signal. Instead of reflecting O2 evolution, the 

increasing Faradaic current in the potential region below 2.00 V is due to an 

(electrochemically) irreversible surface oxidation of the oxynitride electrode, leaving 

these materials as little active for the OER. This underlines the importance of direct 

product detection, e.g., by mass spectrometry. A similar approach was reported during the 

preparation of this manuscript for the OER on Co3O4 films [280]. 

4.4 Conclusions 

Combining synthesis, different techniques for materials and surface characterization as 

well as electrochemical and online mass spectrometric measurements, we have 

investigated the formation of structurally and chemically well-defined Ti oxynitride 

materials and their performance in the electrocatalytic O2 evolution reaction under 

controlled and enforced electrolyte transport conditions. The main results are as follows: 

The synthesis parameters have a strong influence on the degree of nitridation, with 

increasing nitride contents for higher temperatures ( 800°C) and higher flow rates of 

NH3. Nitridation is rapid for reaction at 900° and 1000°C, while at 700°C nitride formation 

is negligible. We have no indications for the formation of a crystalline (bulk) TiOxNy 
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phase, only crystalline (bulk) phases of TiO2 and / or TiN were observed, and small 

amounts of a crystalline TiO are likely to be present.  

(1) The surface nitrogen content, as determined by XPS, qualitatively follows the trends 

derived for the bulk composition from XRD and CHN elemental analysis. Based on 

distinct peaks in the Ti(2p) signal we can distinguish oxide, oxynitride and nitride species, 

where the latter ones are formed during nitridation. The oxynitride species are tentatively 

identified as species at the interface between oxide core and nitride shell for materials 

synthesized at low nitridation temperatures and ammonia flow rates, or as partly oxidized 

surface nitrides for the high temperature / high NH3 flow rate materials. 

(2) In acid solution, these materials exhibit a high double layer capacity, which increases 

up to a calcination temperature of 800°C. Higher temperatures revert this trend due to the 

onset of sintering. No specific oxidation or reduction features are found in the potential 

range between 0 and 1.20 V, indicating that the materials are stable under these conditions, 

independent of the synthesis parameters. 

(3) Going to higher potentials resolves a distinct Faradaic current peak, which, however, 

is irreversible under present electrochemical conditions and which is only observed in the 

first cycle. The charge in this current peak increases with increasing surface nitride 

content. Based on the absence of a mass signal for O2 this increase in current density is 

not related to the OER, but, to surface oxidation of the oxynitride. Subsequent XPS 

measurements indicate a surface oxidation of TiN / TiOxNy surface species to TiOxNy / 

TiO2 species. This oxidation process cannot be reversed electrochemically at potentials 

down to -0.30 V, but partly by annealing at 200°C in N2. 
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4.5 Supplementary Data 
 

 

Fig. 4-11 N2 adsorption / desorption isothermes of a) TiO2_800_[42 to 250] and b) TiO2_[700 to

 1000]_250 as indicated in the figure. For comparison TiO2 measurement added. 
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Fig. 4-12 O(1s) XP spectra of a) TiO2_800_[42 to 250] and b) TiO2_ [700 to 1000]_250 as indicated in

 the figure. Dashed lines display the contributions of oxide, oxynitride and CO / CO2 adsorbed. 

 



114  

 

 

Fig. 4-13 First (red + squares) and third (black line) potentiodynamic cycle of FTO. Bottom panel show

 respective mass signals for O2 (m/z = 32); currents normalized via geometrical area (N2

 saturated 0.5 M H2SO4, 10 mV s-1). 
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Fig. 4-14 Conductivity measurements on TiO2_800_[42 to 250] and TiO2_ [700 to 1000]_250. a) U-I

 characteristic, b) respective film resistances (normalized via geometrical film area), c) average

 film resistance (normalized via geometrical film area). 
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The conductivity measurements were carried out on films of the various materials (ink 

pipetting) on highly conductive glassy carbon (GC) substrates (< 3 Ω cm-2). In the first 

case, they were performed by contacting the GC substrates and the film each at one spot. 

Subsequently, an U-I curve was recorded in a potential window of −2.0 to 2.0 V, with 0.1 

V step size, and a current limit of ±10 mA, using a Keithley 237 High Voltage Source 

Measure Unit (Fig. 4-14a). Evaluating the slope of the U-I characteristics in the region of 

−0.5 to 0.5 V, the respective film resistances (resistance across the film thickness) were 

determined and are shown in Fig. 4-14b. Here, the resistance of Ti_700_250, which still 

possesses a high ratio of TiO2, was too high to be resolved by direct measurement of the 

resistance with a multimeter. With increasing nitrogen content (CHN analysis), the 

resistance decreases progressively. The measurements illustrate the correlation between 

nitrogen content and film resistance on a qualitative scale, quantitative evaluation is 

hindered by local differences in the film thickness. Such effects are made responsible, e.g., 

for the rather low resistance of sample Ti_800_83. In contrast, Fig. 4-14c shows an 

average film resistance determined by contacting two highly conductive GC samples, 

which were pressed together, from the backsides, where one GC sample is covered with 

the oxynitride film. This allows for a large contact area of the film, in contrast to the ‘one 

spot contact’ described before. Therefore, film inhomogeneities play a minor role, and 

thus the material Ti_800_83 now follows the trend of increasing conductivity with 

increasing N-content. 

 

Tab. 4-2 XPS and CHN determined atomic surface concentrations for C (C(1s)), N (N(1s)) O (O(1s))

 and Ti (Ti(2p)). 

Sample 
C(1s) / at.% N(1s) / at.% O(1s) / at.% Ti(2p) / at.% 

XPS CHN XPS CHN XPS CHN XPS CHN 

Ti_700_250 24.8 - 3.4 6.4 48.7 58.1 23.2 35.5 

Ti_800_42 66.4 - 3.6 17.4 23.3 43.4 6.7 39.1 

Ti_800_83 55.0 - 8.2 26.1 24.1 31.8 12.7 42.0 

Ti_800_167 28.5 - 17.4 33.9 30.1 21.5 24.0 44.6 

Ti_800_250 49.0 - 11.7 34.6 24.7 20.5 14.7 44.9 

Ti_900_250 29.5 - 19.3 42.6 27.7 9.9 23.6 47.5 

Ti_10000_250 31.4 - 19.8 44.4 25.7 7.5 23.1 48.1 
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5 PEMFC Cathode Catalysts Based on Titanium 

Oxide Supported Pt Nanoparticles 
 

The content of this chapter was published in reference [235] and is reprinted with 

permission from ChemPhysChem 2014, 15, 2094-2107. The experimental section (section 

2 in the publication) was removed to avoid duplication. The style as well as the numbering 

of the sections, the references and the figures have been adapted to fit the layout of the 

thesis. For the same reason some spellings have been uniformed. The figures from the 

Supporting Information are added at the end of the chapter. 

My personal contributions to this publication, were to plan the Pt nanoparticle synthesis 

and deposition as well as the characterization methods of the N-modified materials and Pt 

catalysts. Moreover, I planned and performed all electrochemical, electrocatalytic and 

stability test measurements. Additionally, I wrote the draft of the manuscript and was 

strongly involved in the subsequent development process of the here depicted publication. 

The synthesis and part of the physical characterization of the materials were performed by 

M. Wassner (Salzburg University). All other contributors are listed in the 

acknowledgement of this chapter. 
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5.1 Abstract 

The potential of platinum catalysts supported on pure, or, nitrogen-, or carbon- doped 

titania for application in the oxygen reduction reaction (ORR), as a cathode catalyst in 

polymer electrolyte membrane fuel cells, is investigated. The oxide supports are 

synthesized by using a sol-gel route. Modification with nitrogen and carbon doping is 

achieved by thermal decomposition of urea and of the structure-directing agent P123. 

Platinum nanoparticles are prepared by reduction of a PtIV salt in ethylene glycol and 

subsequently immobilized on the different support materials. Structural and electronic 

properties of the support materials and the resulting catalysts are characterized by various 

methods, including X-ray diffraction, transmission electron microscopy, and X-ray 

photoelectron spectroscopy. These results and electrochemical characterization of the 

support materials and of the platinum nanoparticle catalysts indicate distinct support 

effects in the catalysts. The electrocatalytic performance of these catalysts in the ORR, as 

determined in rotating ring disk electrode measurements, is promising. Also here, distinct 

support effects can be identified. Correlations with the structural / electronic and the 

electrochemical properties are discussed, as well as the role of metal–support interactions. 

5.2 Introduction 

In recent decades, platinum [34,217,312–314], platinum-alloy [54,58,60,61,315] and 

platinum core-shell [62–64,316,317] nanoparticle catalysts and their performance in the 

oxygen reduction reaction (ORR) have been investigated intensively to improve their 

activity, and thus, their energy and cost efficiency in polymer electrolyte membrane fuel 

cells (PEMFCs). Particularly important for fuel cell catalysts in automotive applications, 

in which potential excursions during start-up and shut-down procedures can largely 

exceed the electrochemical stability of carbon [32], is improvement in the long-term 

stability of the catalysts. A comprehensive overview of this topic was given in a recent 

review [111]. So far, highly conductive carbon materials are often used as supports for the 

platinum-based nanoparticles. In this case, ongoing research aims to optimize the 

electronic structure of these nanoparticles, and thus, their surface chemistry by varying 
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their size [72–76,78,318,319] and composition [55,59,320,321] to optimize the interaction 

of Pt with O2 and the ORR performance. In another approach, one could modify the 

catalytic properties of the platinum nanoparticles by modifying or introducing 

metal−support interactions. This concept is well established in heterogeneous catalysis, at 

the solid-gas interface. Specifically for Pt metal catalysts supported on TiO2, in the late 

1970s Tauster et al. [164–166] proposed the strong metal−support interaction (SMSI), for 

which, at the interface between the metal and support, herein Pt and TiO2, titania was 

partly reduced and the resulting suboxide phase changed the chemisorption and catalytic 

properties of the Pt nanoparticles, due to a migration of suboxidic Ti species on top of the 

metal surface [164,322]. In close analogy to this approach, several groups investigated the 

ORR performance of TiO2-supported Pt catalysts [150,160,161,178,323,324]. Both the 

Pt/TiO2 catalysts and metal oxide supported Pt catalysts supported by other metal oxides 

[158,183,325,326] showed enhanced ORR activity. Furthermore, these oxide support 

materials should be much more stable against oxidative corrosion, which severely limits 

the stability and lifetime of carbon-based supports and carbon-supported catalysts 

[32,327]. On the other hand, Ota and co-workers, who systematically studied the ORR 

activity of sputtered or thermally synthesized pure [141,229,230,328] and doped metal 

oxides [144,146,149,231], reported a significant ORR activity of these materials 

themselves and proposed them as Pt-free catalysts. Considering these results, one may 

expect further improved ORR activity for metal oxide supported Pt catalysts upon using 

doped oxide based materials.  

These findings caused us to initiate an ongoing study in our laboratories, in which we aim 

to prepare new modified oxide materials for application in the ORR, either as a 

catalytically active material itself (“Pt-free catalysts”) or as non-corrosive support for 

highly active metal oxide supported Pt catalysts (“Pt-poor catalyst”) in fuel cell 

applications that require improved electrocatalytic activity and stability. For technical 

reasons, for example, to allow for facile scale-up, we focused on a wet chemical synthesis 

procedure. We started by exploring the potential of mesoporous, pure, as well as  carbon- 

or nitrogen-doped TiO2 materials, and Pt nanoparticles supported on these materials as 
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catalysts for the ORR. The oxide materials are synthesized through a modified sol-gel 

route and loaded with platinum in the second step [185]. The conductivity of the oxide 

was further improved by carbon coating of the oxide material, through partial pyrolysis or 

carbonization of excess surfactants that were applied in the synthesis of the support. This 

differs from previous studies, in which high-surface-area carbon was simply mixed with 

titanium-based materials [323]. To exclude particle size effects arising from different Pt 

nanoparticle sizes, the Pt loading was performed by deposition of pre-formed Pt 

nanoparticles of similar sizes, which were prepared by a polyol route [185].  

Herein, we report on the synthesis of these materials and their structural and chemical 

properties, as obtained from physical characterization. Furthermore, the first results on the 

electrochemical properties of the (modified) oxides and of supported platinum catalysts 

based on these materials and of the electrocatalytic performance in the ORR are presented. 

Further data on the electrochemical properties of the pure and doped oxides and the ORR 

performance of these materials will be reported elsewhere [220]. To explore the influence 

of metal‒support interactions, changes in the electronic properties of the Pt nanoparticles 

were characterized by shifts in the binding energy (BE) of the Pt(4f) states in X-ray 

photoelectron spectroscopy (XPS) [177]. The electrochemical properties and the ORR 

activity and selectivity were characterized in a rotating ring disk electrode (RRDE) setup, 

and correlated with the XPS observations. Finally, the durability and long-term stability 

of the catalysts were explored in accelerated degradation tests (ADTs), simulating both 

driving cycles and start-stop cycles. 

5.3 Results and Discussion 

5.3.1 Crystallinity, Phase Composition, Specific Surface Area, Porosity, Elemental 

Composition and Pt Particle Dispersion 

The polymorphs of the titanium oxides and their crystallinity were characterized by XRD 

measurements. Fig. 5-1a shows the diffractograms of TiO2, TiOxNyCz and C/TiOxNyCz. 

Clearly, TiO2 is predominantly crystalline and the reflections reproduce the pattern of the 
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anatase modification (Fig. 5-1c), with an average crystallite size of 20.4 nm. Due to the 

lower temperature during thermal treatment (250°C compared with 500°C (TiO2) and 

800°C (C/TiOxNyCz)), TiOxNyCz is largely amorphous. C/TiOxNyCz shows high 

crystallinity, similarly to TiO2; this is attributed to the high-temperature treatment at 

800°C. It consists of a mix of anatase and rutile phases, with an average crystallite size of 

17.7 nm for anatase and 32.7 nm for rutile. 

 

Fig. 5-1 X-Ray diffractograms of a) the various Pt-free support materials as indicated in the figure and

 reference patterns of TiO2 rutile [287] (b) and anatase [286] (c). 

 

The specific surface area (SSA) for TiO2 (calcined at 500°C) measured by nitrogen 

sorption is 24.2 m² g−1. The isotherm shows a type IV character, which indicates the 

presence of mesopores with an average pore diameter of about 5.8 nm as calculated from 

BJH analysis (Fig. 5-2). These pores can be associated with dense particles that exhibit 

interparticle mesoporosity. TiOxNyCz has a higher SSA of 92.4 m² g−1, which can be 

explained by the lower reaction temperature (250°C), resulting in either smaller crystalline 

particles or an amorphous network (as evidenced in the XRD pattern). C/TiOxNyCz shows 

a decrease in the SSA to 44.4 m² g−1. Compared with TiOxNyCz, this can be attributed to 
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sintering effects due to the higher pyrolysis temperature of 800°C, which results in 

crystalline rutile and anatase particles. The SSA of C/TiOxNyCz is higher than that for pure 

TiO2, although the reaction temperatures were higher. Additional carbon seems to hinder 

sintering of the titania particles and results in higher SSAs at higher temperatures. Both, 

C/TiOxNyCz and TiOxNyCz show type II isotherms with no plateau, which indicates a 

broad pore size distribution and the presence of macropores of > 50 nm. 

 

Fig. 5-2 Nitrogen sorption spectra (adsorption and desorption curves) of selected Pt-free support

 materials as indicated in the figure. 

The elemental composition of the catalyst was identified by CHN elemental analysis 

(overall composition) and systematic XPS measurements (surface composition). The 

carbon and nitrogen contents determined by CHN analysis are listed in Tab. 5-1. 

The results show a significant increase in the carbon amount from pure titania (no carbon 

detectable) to about 7% for the carbon-/nitrogen-doped material and up to about 32% for 

C/TiOxNyCz. The 7% carbon in TiOxNyCz not only results from urea doping, but also from 

the P123 residues. The amount of C-doping is much lower and is better determined by 

XPS analysis, which allows us to distinguish between different carbon-containing species. 

For C/TiOxNyCz, pyrolysis of the P123 stabilizer leads to a significant increase in the 
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carbon content. Moreover, the nitrogen content increases as well. The most logical 

explanation for this is a more efficient nitrogen incorporation into the titania network due 

to a longer time at a high temperature reaction (at a constant heating rate) compared with 

calcination at 250°C for TiOxNyCz. 

Tab. 5-1  Results of the physical characterization of the different Pt-free support materials by XRD,

 N2 sorption, CHN- analysis and XPS. 

 
Crystallite size 

/ nm 

Surface area 

/ m2 g−1 

C / 

wt.% 

N / 

wt.% 

Surface 

composition ratios: 

Ti : O : N : C 

TiO2 20.4 (anatase) 24.2   1.0 : 2.2 

TiOxNyCz amorphous 92.4 7.4 2.8 1.0 : 1.7 : 0.1 : 0.4 

C/TiOxNyCz 
17. 7 (anatase) 

32.7 (rutile) 
44.4 31.8 10.5 1.0 : 2.2 : 0.1 : 10.7 
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Detailed spectra of the C(1s), N(1s) and Ti(2p) signals are presented in Fig. 5-3b - d. 

Deconvolution of the signals allowed us to quantify the contributions from the different 

oxidation states, and thus, the nitrogen and carbon doping levels (see Tab. 5-1).  

 

Fig. 5-3  XP spectra of the various support materials as indicated in the figure. (a) Survey spectra of the

 three Ti-based materials, (b) detail spectra of the C(1s) region, (c) detail spectra of the N(1s)

 region, and (d) detail spectra of the Ti(2p) region. 
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All three samples, even the pure titania sample, show a significant C(1s) signal at about 

284.8 eV (Fig. 5-3b); for C/TiOxNyCz this signal is slightly shifted to a 0.4 eV lower BE. 

Moreover, a C=O containing species can be identified by a peak at about 288.5 eV. Its 

contribution to the total C(1s) signal is small for TiO2, doubles for TiOxNyCz and 

disappears for C/TiOxNyCz calcined at 800°C, which leads to the assumption that this 

species originates from the surfactant and is more or less efficiently removed by different 

calcination procedures. Most important for the present work are the C(1s) signals in the 

BE range of around 286.0 eV (TiOxNyCz: 286.2 eV, C/TiOxNyCz: 285.7 eV), which appear 

for both modified TiOx materials. They are attributed to a C–O species, as expected for 

carbon (surface) doping. The intensity of this species relative to the Ti(2p) signal intensity 

is about five times higher for the TiOxNyCz sample than that for the carbon-coated 

C/TiOxNyCz sample. Because the carbon coating affects both the Ti(2p) and the C(1s) 

signal intensities, the relative C(1s) intensities of both samples can be used as an indicator 

of the carbon doping level. For C/TiOxNyCz, we find an additional signal at about 287.6 

eV, which can be attributed to a C–N species. This may result in a partial doping of the 

carbon shell, leading to C3N4 species [329]. Carbon directly bonded to a titanium atom, 

which should give rise to a peak at about 282 eV [302], was not detected. 

The incorporation of nitrogen in the titania (surface) network is also reflected by the N(1s) 

signal at about 401.3 eV (Fig. 5-3c), which, according to the literature, corresponds to a 

N–O interaction [258,298] , indicating a Ti–O–N group. The doping level of about 10% 

(relative to the amount of Ti) determined for TiOxNyCz and the pyrolyzed sample is three 

times higher than the nitrogen content determined by CHN-analysis (see Tab. 5-1). This 

points to an accumulation of nitrogen in the surface region as a result of the doping and 

calcination procedures. The two other peaks in the N(1s) signal, at about 399 and 400 eV, 

can be attributed to nitrogen from urea (N–C=O) [253] and its decomposition products 

[255], respectively.  
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Fig. 5-4  XP spectra of the Pt/C, Pt/TiO2, Pt/TiOxNyCz and Pt/C/TiOxNyCz catalysts as indicated in the

 figure. (a) Survey spectra of all four materials and (b) detail spectra of the Pt(4f) signals of the

 different catalysts (dotted lines), including the fit of the metallic and oxidic species (full lines). 

 

The pattern for C/TiOxNyCz closely resembles spectra reported by Gouzman et al., which 

were obtained after N2
+ implantation into graphite at elevated temperatures [330], with a 

main peak at about 401.0 eV and two additional signals at about 398.7 and 403.3 eV. 

Those side peaks were attributed to various CN or even CN2 species from the 

incorporation of nitrogen into graphite. Similar to our findings for carbon, there was no 

evidence for a nitrogen species directly bonded to titanium, which would give rise to a 

peak at about 397 eV [302]. In the Ti(2p) signals (Tab. 5-1d), we found no additional 

species, which supports our above findings, in which no direct nitrogen or carbon 

interactions with titanium were detected. For pure titania, as well as for the low-

temperature-modified TiOxNyCz sample, the two Ti(2p) peaks are located at the same BEs 

(458.8 and 464.5 eV). For the carbon-coated anatase / rutile mixed C/TiOxNyCz, they shift 

by about 0.4 eV to higher BEs, which may result from structural changes due to the 

formation of the rutile phase [302]. 
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After deposition of the platinum nanoparticles and subsequent calcination at 200°C, the 

resulting catalysts were characterized by similar XPS measurements (Fig. 5-4). In 

addition, the platinum particle dispersion and particle size distribution were determined 

by TEM. For all catalysts, the expected platinum loading was about 20 wt.% (see 

Tab. 5-2), which was verified by ICP measurements. Finally, it should be noted that we 

do not expect any significant structural or chemical changes in the oxide based support 

materials upon platinum nanoparticle deposition. 

XPS survey results recorded on the Pt catalysts (Fig. 5-4) show characteristic signals of 

the support materials (see above) and peaks related to the Pt(4f) (72.0 and 75.3 eV) and 

Pt(4d) states (316.5 and 333.5 eV; Fig. 5-4a). Detailed spectra of the Pt(4f) signals, 

providing additional information on the chemical state of the Pt nanoparticles, are 

presented in Fig. 5-4b. First, for Pt/C, the Pt(4f) peaks appear at 71.9 and 75.2 eV, this 

particle size effects [331,332] and the influence of the carbon substrate [333] on the 

electronic structure of the platinum nanoparticles (metal–support interaction) induced an 

upshift of the Pt(4f) signal by 1.0 eV relative to the metallic Pt0 signal in bulk Pt [302]. 

For the undoped titania support (Pt/TiO2), the Pt(4f) signals appear at 71.2 and 74.5 eV, 

that is, down-shifted by about 0.7 eV relative to Pt/C. This does not change significantly 

upon doping, as evidenced by the Pt(4f) signals at 71.4 and 74.7 eV for Pt/TiOxNyCz,. 

Finally, for Pt/C/TiOxNyCz, the Pt(4f) BEs are again shifted by 0.2 eV to higher binding 

energies (71.6 and 74.9 eV), which agrees perfectly with expectations, if we assume that 

the Pt nanoparticles are deposited on a closed thin carbon layer, without direct contact to 

TiOx, but still with some interaction to the underlying oxide core. It should be noted that 

these BE shifts are solely due to changes in the metal−support interaction, since, based on 

the TEM results, which show similar Pt particle sizes for all Pt catalysts (see below), 

significant contributions from particle size effects can be ruled out. The pronounced shift 

in the Pt(4f) BE upon going from the carbon to the TiO2 support clearly indicates a distinct 

change in the metal–support interaction. In agreement with the literature, it can be 

explained by an increased local electron density on platinum at the metal−oxide interface 

[167,179]. 
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Fig. 5-5  Representative TEM images and histograms of the particle size distributions of different

 supported Pt catalysts: (a) Pt/C (b) Pt/TiO2, (c) Pt/TiOxNyCz and (d) Pt/C/TiOxNyCz. 

 

Clearly, the change in electronic properties of the platinum nanoparticles is most 

interesting for the present study, since we expect this to cause distinct modifications in the 

electrochemical / electrocatalytic properties of the TiO2 supported Pt catalysts compared 
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with the Pt/C catalysts common in electrocatalysis. On the other hand, the negligible shifts 

in the Pt(4f) BEs upon going from the non-doped Pt/TiO2 to the doped Pt/TiOxNyCz 

catalyst would point to a close similarity in the electrochemical and electrocatalytic 

performance of these two catalysts. 

In the following, we summarize the Pt/C and Pt/C/TiOxNyCz catalysts as carbonaceous Pt 

catalysts, whereas the group of Pt/TiO2 and Pt/TiOxNyCz catalysts are termed as oxidic Pt 

catalysts. The pure support materials are grouped and named in the same way. TEM 

images and particle size distributions of the different supported catalysts are shown in Fig. 

5-5. The particle distribution seems to be homogeneous in all cases. No larger areas with 

particle agglomeration were found. 

Tab. 5-2 Mean Pt particle diameters (<d>), d-spacings (evaluated from HR-TEM, in 5.5,Fig. 5-15),

 Pt(4f) binding energies, Pt-loadings and HUPD charge of the different supported Pt catalysts. 

 

Material 
<d> 

/ nm 

d-spacing / pm Pt(4f) 

binding 

energy / 

eV (Pt0) 

Pt-

loading 

(ICP) / 

wt.% 

HUPD-

charge / mC  

Pt 

(111) 

TiO2 

anatase 

(200) 

Carbon 

(002) 

Pt/C 
1.6 

± 0.3 

225 

± 10 
- 

358 

± 24 

71.9/75.2 

± 0.1 

23.7 

± 0.3 

1.05           

± 0.06 

Pt/TiO2 
1.7 

± 0.5 

225 

± 10 

352 

± 15 
- 

71.2/74.5 

± 0.1 

7.7 

± 0.5 

4.14∙10−3   

± 0.25∙10−3 

Pt/TiOxNyCz 
1.6 

± 0.3 

225 

± 10 

352 

± 15 
- 

71.4/74.7 

± 0.1 

7.6 

± 0.3 

4.93∙10−3   

± 2.19∙10−3 

Pt/C/TiOxNyCz 
1.7 

± 0.3 

225 

± 10 

352 

± 15 

381 

± 24 

71.6/74.9 

± 0.1 

15.4 

± 0.7 

0.79           

± 0.07 
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The evaluation of the particle size of different catalysts (Fig. 5-5) resulted in more or less 

narrow monomodal size distributions with mean particle sizes of about 1.6 to 1.7 nm for 

all four catalysts (exact values are listed in Tab. 5-2), in good agreement with expectations 

based on the synthesis strategy, in which pre-formed identical nanoparticles were 

subsequently immobilized on different support materials. Therefore, we can exclude 

particle size effects from the electrocatalytic behavior [72–74,78]. This leads to 

comparable catalytic systems, in which differences in the electrocatalytic properties 

predominantly arise from the effect of the support on the conductivity, activity, and 

selectivity of the platinum catalysts. Further structural information from HR-TEM images 

are presented in the Supplementary Data. Here it should be noted that, for the 

Pt/C/TiOxNyCz catalyst, the Pt nanoparticles are mostly placed on the carbon shell 

(Fig. 5-15). This agrees well with the XPS observation of similar Pt(4f) BEs for the 

carbonaceous Pt catalysts (see above) and the close similarities in their electrochemical 

properties / electrocatalytic performances, which differ significantly from those of the 

oxidic Pt catalysts (see below). 

5.3.2 Electrochemical Behavior of the Support Material and the Pt/Support System 

First, we briefly summarize previous reports on the electrochemical and electrocatalytic 

behavior of transition-metal oxides, such as TiO2, ZrO2, SnO2, Magnéli phase titania, and 

modified titania materials. These have been investigated in numerous studies [334], 

employing thin oxide film electrodes prepared, for example, by titanium evaporation and 

subsequent oxidation [161,324] or by sputter deposition [141,144,148,335–337]. 

Structural, electronic, electrochemical, and photoelectrochemical properties of TiO2 and 

related materials were summarized in a review by Fujishima et al. [337]. The influence of 

nitrogen and carbon doping on the electronic properties of TiO2 and, in particular on the 

photocatalytic properties was discussed by Chen et al. [192] and by Sun et al. [338]. We 

characterized the electrochemical properties of the pure and modified oxide support 

materials by cyclic voltammetry in a supporting electrolyte (BCV). 
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Fig. 5-6 Base voltammograms recorded on the pure support materials C, TiO2, TiOxNyCz and

 C/TiOxNyCz catalysts as indicated in the figure (N2-saturated 0.5 M H2SO4, 10 mV s−1). 

 

The resulting BCV results are presented in Fig. 5-6. For comparison, we include a 

voltammogram of the carbon support material (Vulcan XC72). It should be noted that the 

currents are normalized with respect to the geometrical surface area of the electrode, 

which is identical for all materials. Three important features can be pointed out. First, the 
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absolute pseudo-capacitive current is much lower for pure TiO2 (Fig. 5-6b) and also for 

the N-/C-doped TiOxNyCz material (Fig. 5-6c). In contrast, the carbonaceous supports, 

either pure carbon (Fig. 5-6a) or C/TiOxNyCz with a shell of pyrolysis products of the 

surfactant (Fig. 5-6d), show a much higher pseudocapacitive current. Second, the lower 

conductivity of the oxidic supports results in a slight Ohmic drop in the BCVs of TiO2 and 

TiOxNyCz, which is clear at the turnaround points of the cycles (0.06 and 1.20 V). Third, 

there are essentially no other distinct features, except for carbon oxidation / reduction 

peaks at around 0.60 V [339,340]. Carbon oxidation / reduction is also clear on the oxidic 

support (TiO2 and TiOxNyCz), due to the oxidation / reduction of the GC disk substrate 

underneath [340]. The GC support is also responsible for the characteristic shape of the 

current-potential curve on these materials [141], whereas on the carbon / carbon-coated 

support materials, with their much higher double-layer charging currents, the 

rectangularly shaped current-potential curves are dominated by the current contributions 

from these materials. In total, these BCV results indicate that there are no additional 

reduction and oxidation reactions on the TiOx-based materials in the potential region of 

interest in the ORR. 

Similar BCV results were recorded for the different supported Pt catalysts, and are 

presented in Fig. 5-7; the BCV results recorded on the pure support materials are included 

as dotted lines. For comparison of current densities normalized to the electrochemically 

active Pt surface area (ECSA), we refer to Fig. 5-16 in the Supplementary Data (in chapter 

5.5). The change in the double-layer charging current upon Pt deposition is clearest and, 

which increases for the carbonaceous support materials (Pt/C, Pt/C/TiOxNyCz), but 

decreases for the oxidic support materials (Pt/TiO2, Pt/TiOxNyCz). The differences in the 

effect of Pt nanoparticle addition on the double-layer charging current are tentatively 

explained by better conductivity of the Pt/TiO2 and Pt/TiOxNyCz catalysts upon addition 

of Pt nanoparticles, that is more TiO2 (TiOxNyCz) particles are in electric contact with the 

GC support and can be surface charged. 
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Fig. 5-7 Base voltammograms recorded on the Pt/C, Pt/TiO2, Pt/TiOxNyCz and Pt/C/TiOxNyCz catalysts

 as indicated in the figure (N2-saturated 0.5 M H2SO4, 10 mV s−1). Dotted lines indicate the

 BCVs of the respective Pt-free support materials, arrows in 7b, c the positions of very weak or

 invisible HUPD signals. 

 

For the carbonaceous Pt catalysts, the increase in double-layer charge upon Pt deposition 

going from the pure carbon material to the Pt/C catalyst is well known [341], although 

more detailed physical explanations, in addition to the subtle decrease in the carbon 
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amount in the catalyst ink (constant catalyst or support concentration) have not been given. 

Both Pt/C and Pt/C/TiOxNyCz exhibit the same characteristic BCV results, with distinct 

features for hydrogen underpotential deposition (HUPD) / desorption at potentials lower 

than 0.35 V and for Pt surface oxidation / reduction at potentials above 0.80 V. These 

features are typical for the electrochemical behavior of polycrystalline Pt (pc Pt) [342–

344]. When using the poorly conducting oxidic materials as a support (Fig. 5-7b, c), these 

features are barely visible. Instead there is only a slight current increase in the HUPD range 

and in the platinum oxidation / reduction range (see below). The absence of characteristic 

platinum features is partly attributed to the lower platinum loading of these catalysts, but, 

in particular, to the low conductivity of the support materials. We assume that mainly 

those platinum particles located on the GC substrate or on oxide nanoparticles in electric 

contact with the conductive GC substrate contribute to the current, whereas platinum 

nanoparticles located on oxide nanoparticles without electrical contact to the GC substrate 

essentially do not contribute. This agrees with findings in previous studies, for which the 

addition of carbon powder to the Pt/TiOx suspension or mixing carbon powder with the 

titania support resulted in an increase of the ECSA [150,177,323] (notably, the carbon-

free material was only investigated in the studies by von Kraemer et al. [150]).  

Looking very closely at the BCV results of the Pt/TiO2 and Pt/TiOxNyCz catalysts there 

seems to be a weak adsorption peak in the HUPD range, at around 0.25 V (see arrows in 

Fig. 5-7b and c), that is, at the same potential as that observed for the carbon-supported / 

coated catalysts. The second adsorption peak, at about 0.10 V, is essentially invisible for 

these catalysts because of its overlap with the onset of the hydrogen evolution reaction 

(HER), for which the latter appears to be shifted to more positive potential compared with 

the carbon-dominated catalysts. Similar observations were reported by Hayden et al. [161] 

and by von Kraemer et al. [150] and attributed to Ohmic drop effects in the catalyst layer. 

On the other hand, changes in the Pt-H bond strength due to electronic modifications, 

since they were detected and described in the XPS measurements, may also contribute, at 

least we cannot exclude them as an explanation for the positive shift of H2-evolution. For 
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the Pt/C and Pt/C/TiOxNyCz electrodes, the HER begins as expected at the lower potential 

limit of 0.06 V. 

5.3.3 Catalytic Activity for the Oxygen Reduction Reaction (ORR) 

The current responses of all four catalysts in the ORR in O2-saturated base electrolyte, 

measured in a RRDE at a rotation rate of 1600 rpm, are shown in Fig. 5-8, the currents 

were normalized to the geometric surface area. Different from the carbonaceous Pt 

catalysts, we did not reach the calculated mass-transport-limited currents (1.23 mA for an 

electrode size of 0.28 cm2) for the Pt/TiO2 and Pt/TiOxNyCz catalysts; this was attributed 

to the very low amount of electrochemically active Pt surface [345]. Therefore, for these 

catalysts, the current densities were normalized to similar mass-transport-limited currents 

obtained for the other catalysts. 

Similar to cyclic voltammetry in N2-saturated base electrolyte, we can distinguish between 

the oxidic Pt catalysts and the carbonaceous Pt catalysts; the electrocatalytic behavior of 

the (doped) oxide supported catalysts (Pt/TiO2, Pt/TiOxNyCz) differs distinctly from that 

of the catalysts supported on carbon or carbon-coated oxide particles (Pt/C, 

Pt/C/TiOxNyCz). In the latter case, the onset potential for the ORR is located at about 1.00 

V, and the current increases exponentially in the kinetically controlled region (> 0.85 V). 

At lower potentials, the current increases less steeply (mixed kinetically and diffusion-

limited region), until the mass-transport-limited current at 0.60 V (Pt/TiO2 0.50 V) is 

reached. In this region, the increase is slightly steeper for Pt/C/TiOxNyCz than that for 

Pt/C. For Pt/TiO2 and Pt/TiOxNyCz, the onset of the ORR is down-shifted from 1.00 V to 

0.80 V. Furthermore, the mixed kinetically and diffusion-controlled regions are distinctly 

broadened compared with the carbonaceous Pt catalysts, so that the mass-transport-

controlled region is reached only at about 0.30 V. This is about 0.30 V lower than that for 

Pt/C and Pt/C/TiOxNyCz. As described above, the currents in the diffusion-controlled 

region are significantly lower than those for Pt/C and Pt/C/TiOxNyCz (15 to 20%). For 

better comparison, their current traces are normalized in Fig. 5-8a to identical diffusion-

limited current density values obtained for the other catalysts (dotted lines). 
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Fig. 5-8 ORR characteristics of the different supported Pt catalysts as indicated in the figure in a RRDE

 setup. (a) Current densities normalized to the geometric surface area (disk signal), dotted lines:

 current densities normalized to the calculated value of the diffusion controlled ORR current

 density; b) ring signal, and (c) the calculated H2O2 yield (O2-sat. 0.5 M H2SO4, 1600 rpm,

 10 mV s−1). 

 

The differences in diffusion-limited currents can be explained by the much smaller amount 

of accessible active platinum surface on the oxide-based catalysts; this is discussed in 
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more detail together with the active surface area normalized kinetic current densities. A 

comparable result was reported by Hayden et al. [161], who related this to too little Pt 

deposited on their TiOx film to reach the transport-limited current. The addition of 

conducting carbon, which increases the ECSA for identical Pt loading (see above), 

modified the ORR behavior such that the theoretical value of the diffusion-limited current 

was reached at about 0.60 V [177,323]. 

The Pt mass specific activity (Fig. 5-9a), active Pt surface area specific activity (Fig. 5-9b) 

and the kinetic activity (Fig. 5-9c) of the four catalysts at 0.80 V are compared in Fig. 5-9. 

Comparing Pt/TiO2 and Pt/TiOxNyCz reveals that Pt/TiO2 showed an almost 50% higher 

Pt mass specific ORR activity than that of the modified Pt/TiOxNyCz catalyst (Fig. 5-9a). 

Accordingly, nitrogen doping by the addition of urea during the synthesis does not seem 

to improve the ORR performance of the Pt/TiO2 catalyst. In absolute terms, however, the 

activities are very low. 

 

Fig. 5-9  Comparison of the ORR activity of the different supported Pt catalysts as indicated in the

 figure(a) Pt mass specific currents, (b) active Pt surface area specific current density and (c) the

 kinetic current density at 0.80 V as well as (d) the calculated H2O2 yield at 0.40 V. The values

 given represent average numbers determined in measurements of several catalyst films for each

 catalysts. 
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High-temperature calcination (800°C) of the nitrogen-doped support material before 

platinum loading, however, led to a significant increase in platinum mass specific activity 

of the resulting catalyst, which exceeded that of the carbon-supported platinum catalyst 

used as a reference. Compared with the oxidic Pt catalysts, the Pt mass specific current 

increased by a factor of about 30 upon increasing the conductivity by carbon deposition. 

Furthermore, the Pt/C/TiOxNyCz catalyst achieves a 50% higher Pt mass specific activity 

(120 mA mg−1
Pt at 0.80 V, 24 mA mg−1

Pt at 0.90 V) than the Pt/C catalyst with the same 

particle size. This value is comparable to the activity of Pt/C catalysts with particle sizes 

of about 3 nm [346,347], which are considered to be optimal for the ORR [74,348]. The 

same is true for the active Pt surface area specific activity with 0.16 mA cm−2
ECSA at 0.80 

V (0.03 mA cm−2
ECSA at 0.90 V). For the kinetic current density, the difference between 

Pt/C/TiOxNyCz and Pt/C is less pronounced, at only around 25%. Furthermore, the kinetic 

activities (kinetic current density at 0.80 V) of the oxidic Pt/TiO2 and Pt/TiOxNyCz 

catalysts are of a similar order of magnitude to those of the carbonaceous Pt catalysts Pt/C 

and Pt/C/TiOxNyCz, that is, the much lower Pt mass specific currents are compensated for 

by their very low active Pt surface area.  

Furthermore, we determined the H2O2 yield (Fig. 5-8c), and hence, the selectivity of the 

catalysts in the ORR by using the ring electrode (see Fig. 5-8b). The oxidic Pt catalysts 

show the highest fraction of H2O2 formation. A likely explanation for this is given in the 

next paragraph. Both catalysts showed almost the same potential dependence, with a 

steady increase in H2O2 yield starting at 0.80 V. The steeper increase in H2O2 yield at 

about 0.20 V is partly due by the earlier onset of H2-evolution (visible at 0.10 V, see 

Fig. 5-7c, d), which results in an additional ring current, due to re-oxidation of H2 formed 

at the disk electrode. Hence, this increase is likely to represent an experimental artifact. 

For the carbonaceous catalysts the H2O2 formation yields are significantly lower. 

Furthermore, there is a significant difference in the tendency for H2O2 formation. The 

hydrogen peroxide yield for Pt/C increases slightly at low overpotentials and grows more 

in the HUPD region, with the final increase due to oxidation of evolved H2. For 
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Pt/C/TiOxNyCz, the amount of H2O2 produced and detected stays largely the same and is 

on a very low level over the entire potential window, down to 0.10 V. 

A comparison of the H2O2 yields at 0.40 V is given in Fig. 5-9d. Here it is clear that 

Pt/TiO2 has a very low selectivity with a peroxide yield of about 17%. For the N/C-doped 

Pt/TiOxNyCz catalyst, the selectivity towards water formation is significantly better, at 

92%, but still worse than that of the carbonaceous Pt catalysts, for which H2O2 yields are 

below 3% (Pt/C) and even below 1% for the Pt/C/TiOxNyCz catalyst. The significantly 

higher H2O2 yields for the oxidic Pt catalysts can at least partly be understood in terms of 

the desorption - re-adsorption - further reaction mechanism [345,349], in which with a 

decreasing amount of active Pt surface, the re-adsorption and further oxidation of H2O2 

formed in the first step decreases, and hence, the H2O2 yield increases. In addition, 

chemical effects, for example, due to metal–support interactions, may play a role as well. 

In combination, these findings support the conclusion that metal−support interactions play 

an important role in the ORR on platinum- based catalysts. The Pt/TiO2 catalysts with the 

most pronounced metal−support interaction, as evidenced by shifts in the Pt(4f) BE, also 

showed the highest kinetic current density. Hence, this points to a correlation between 

trends in metal−support interaction and in ORR activity, as measured by the kinetic 

current density, which is the best measure for the inherent activity of the catalysts. One 

should exercise caution, however, since the determination of the active Pt surface areas of 

the oxidic Pt catalysts (through HUPD charge determination) is much less precise than that 

for the carbonaceous catalysts [350]. Comparable trends were reported in studies by Vogel 

et al. [177] and Timperman et al. [178], in which the kinetic current density of the oxide-

supported Pt catalyst (Pt/TiO2) exceeded that of the Pt/C catalyst by 50%. It should be 

noted that, in their case, a higher conductivity was obtained by mixing carbon into the 

catalyst, rather than having a carbon shell between platinum nanoparticles and the oxidic 

support, so that there was a direct chemical interaction between the oxide support and 

platinum nanoparticles. 
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5.3.4 Long-term Stability of the ORR Catalyst – Accelerated Degradation Tests 

(ADT) 

The results presented and discussed above revealed an enhanced ORR activity (Pt mass 

specific currents) of the C/TiOxNyCz supported Pt catalyst, compared with the carbon 

supported Pt/C catalyst used as a reference. Equally as important as the activity and 

selectivity in the ORR, however, is the long-term stability of the catalyst under operational 

conditions. In the following discussion, we provide the first results on the long-term 

stability of the Pt/C/TiOxNyCz catalyst and compare them with that of the pure carbon- 

supported Pt/C catalyst. The stability and degradation of the catalysts was evaluated by 

ADTs following the Department of Energy (DOE) protocols, which simulated driving 

cycles [115] or the start-stop behavior, respectively [122,351]. Electrode degradation is 

mainly caused by three effects: particle agglomeration / sintering, platinum dissolution, 

and support corrosion [90,94,115,118,120,351]. The first effect was investigated by TEM 

analysis of the changes in the platinum particle sizes. Platinum dissolution and support 

corrosion were not investigated directly in this work, but their impact could be evaluated 

from the loss of electrochemical active surface area, after subtraction of the effects caused 

by particle growth. The degradation of the two catalysts during the driving process was 

simulated by exposing the catalysts to a sequence of triangular wave cycles in the potential 

range of 0.40 to 1.00 V (up to 10,000 cycles, scan rate 600 mV s−1). The degradation was 

followed by monitoring the decrease of the ECSA and ORR activity of the two catalysts 

with increasing number of cycles, for which the active surface area and ORR activity were 

determined from the HUPD adsorption charge and from the ORR current at 0.80 V by CV 

(0.06 to 1.20 V, scan rate 10 mV s−1), which was recorded after a given numbers of cycles 

in N2- or O2-saturated electrolyte, respectively. The evolution of the cyclic 

voltammograms and representative ORR I-E curves with increasing number of cycles are 

illustrated in Fig. 5-10 for both catalysts. 
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Fig. 5-10 Evolution of the ORR characteristics during simulated drive cycle ADT (up to 10,000 triangular

 wave cycles, 0.40 - 1.00 V, N2-saturated 0.5 M H2SO4, 600 mV s−1). (a, c) Base voltammograms

 of Pt/C and Pt/C/TiOxNyCz recorded after increasing number of cycles (10 mV s-1), and (b, d)

 ORR geometric current densities on the respective catalysts after 10, 1000, 5000 and 10,000

 triangular wave cycles (O2-saturated 0.5 M H2SO4, 1600 rpm, 10 mV s−1). 

 

The decrease in the ECSA and the evolution of the Pt mass specific ORR activity at 0.80 V 

are depicted in Fig. 5-11a and b, respectively. Notably, the values given represent average 

numbers of measurements on several films for each catalyst. For both catalysts, the ECSA 

decreases by 35%. In contrast to that decrease, the ORR I-E curves for Pt/C and 

Pt/C/TiOxNyCz (see Fig. 5-10b and d) do not reveal significant changes, neither in the 

ORR onset potential nor in the slope of the exponential increase of the reduction current 

in the kinetically controlled region. The (Pt mass specific) ORR activity of the 

Pt/C/TiOxNyCz catalysts exhibits a slight decrease, but this is much less than the loss in 

ECSA. Hence, the active platinum surface area specific current densities, which are more 

representative for the inherent catalytic properties of the respective materials, increase 

during the degradation cycles. This unexpected result is also reflected by the kinetic 

current densities, which increase slightly on both catalysts. Possible reasons for this are 
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discussed in more detail below. The overall few changes indicate that the catalyst 

degradation mainly affected the electrochemically active platinum surface area, but not 

the reaction mechanism or the electronic properties of the platinum nanoparticles. Similar 

results were obtained for the H2O2 yield at 0.40 V, which remained almost constant. Most 

importantly, for Pt/C/TiOxNyCz, it was always below 1%. Our result of an ECSA loss of 

35% in the drive cycle simulation agreed closely with the loss of 40%, which was recently 

reported by Marcu et al. [118] and set as a reference point for a reliable 6,000 h driving 

test. 

Comparable ADTs were performed to simulate the start-stop behavior. In this case, the 

catalyst was exposed to a sequence of square-wave cycles (up to 10,000 cycles, 0.40 to 

1.40 V), holding the potential at each of the two potentials for 1 s. 

 

Fig. 5-11 Evolution of the ECSA and ORR activity during simulated drive cycle ADTs (data see Fig. 10).

 (a) Remaining electrochemically active Pt surface area, (b) the active Pt surface area specific

 ORR current density at 0.80 V, and (c) the kinetic current density at 0.8 V as well as (d) the

 relative H2O2 yield at 0.40 V. (The values given represent average numbers determined in

 measurements of several catalyst films for each catalysts.) 
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Again the degradation was evaluated by monitoring the decrease in the ECSA and ORR 

activity of the two catalysts with an increasing number of cycles. Representative 

sequences of cyclic voltammograms and ORR I-E curves are presented in Fig. 5-12, the 

evolution of the ECSA and Pt mass specific ORR current at 0.80 V is illustrated in 

Fig. 5-13a and b, respectively. Clearly, the loss in ECSA is much more pronounced in this 

case, reaching about 70% for either of the two catalysts, compared with 35% for the drive 

cycle simulation. Both the much more pronounced deactivation during start-stop 

simulations and even the quantitative value of 70% loss in ECSA are in very good 

agreement with findings from a previous study [122]. It should be mentioned that, in that 

study [122] longer potential holding times were applied, although the other experimental 

conditions were comparable to those used in the present study. 

 

Fig. 5-12 Evolution of the ORR characteristics during simulated start-stop cycle ADTs (up to 10,000

 square wave cycles, 0.40 - 1.40 V, N2-saturated 0.5 M H2SO4, 1 s hold time at each potential).

 (a, c) Base voltammograms of Pt/C and Pt/C/TiOxNyCz recorded after increasing number of

 cycles (10 mV s−1), and (b, d) ORR geometric current densities of the respective catalysts after

 10, 1000, 5000 and 10,000 square wave cycles (O2-saturated 0.5 M H2SO4, 1600 rpm,

 10 mV s−1). 
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Since the same authors recently demonstrated that holding times above 0.5 s had no 

influence on the ECSA loss [118], we considered the longer holding times (in the present 

measurements) to be of little important for the enhanced degradation. Hence, the results 

are directly comparable. Also, in the ORR activity, the changes are much more 

pronounced than during the drive cycle ADTs, both for the Pt/C and Pt/C/TiOxNyCz 

catalysts. The ORR I-E curves exhibit characteristic changes shifts to lower potentials, 

and, especially in the kinetically controlled region, the potential-induced increase in the 

reduction current becomes less steep with an increasing number of cycles (Fig. 5-12b and 

d). Looking at the decay in activity during start-stop cycles, we find initially a significantly 

higher Pt mass specific ORR activity (at 0.80 V, Fig. 5-13b) for the Pt/C/TiOxNyCz 

catalyst than that of Pt/C. For the Pt/C catalyst, the loss in ECSA is more pronounced than 

the decay in Pt mass specific ORR activity, so that the kinetic current densities increase 

(Fig. 5-13c). 

 

Fig. 5-13 Evolution of the ECSA and ORR activity during simulated start-stop cycle ADTs (data see

 Fig 12). (a) Remaining electrochemically active Pt surface area, (b) active Pt surface area

 specific ORR current density at 0.80 V, and (c) the kinetic current density at 0.80 V as well as

 (d) the relative H2O2 yield at 0.40 V. The values given represent average numbers determined in

 measurements of several catalyst films for each catalysts. 
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This is similar to observations made during drive cycle ADTs. For the Pt/C/TiOxNyCz 

catalyst, in contrast, the loss in Pt mass specific current is dominant, leading to a decay in 

the kinetic current density as well (Fig. 5-13c). Despite the significant losses in ECSA and 

ORR activity, both catalysts exhibit only small changes in selectivity during degradation. 

Selectivity increases from 1% to 2% for the Pt/C/TiOxNyCz catalysts, whereas it remains 

about constant at 1.0 to 1.5% for the Pt/C catalyst. 

TEM imaging of catalysts exposed to simulated driving cycles (10,000 triangular wave 

cycles, 0.40 to 1.00 V, 600 mV s−1) revealed a slight Pt particle growth, from about 1.6 nm 

for Pt/C and 1.7 nm for Pt/C/TiOxNyCz before the ADT (see Fig. 5-5) to 2.3 and 2.2 nm, 

respectively, after the ADT (see particle size distributions in Fig. 5-14a and b). There were 

no indications of significant agglomeration of particles from these images. By assuming 

spherical Pt nanoparticles and using the particle size distribution rather that the mean 

particle size to calculate the Pt surface area, this corresponds to a loss in surface area of 

56% and 46% for the Pt/C and Pt/C/TiOxNyCz catalysts, respectively. Compared with the 

loss in ECSA determined by the electrochemical measurements, which was around 35% 

for both catalysts (Fig. 5-11a), these values were 50% and 30% higher, respectively. This 

discrepancy is explained most easily if we assume that very small Pt particles (below 0.8 

nm) were formed, which are not accessible in the TEM measurements, for example, 

through Pt corrosion, but contribute to the HUPD charge. 

TEM imaging of catalysts exposed to simulated start-stop cycles (10,000 square wave 

cycles, see above) with an upper potential limit of 1.40 V indicated a distinct particle 

growth for both catalysts (see particle size distributions in Fig. 5-14c and d). In this case, 

however, the increase in mean Pt particle size from 1.7 nm to 2.5 nm evaluated for the 

Pt/C/TiOxNyCz catalyst is significantly less than the Pt particle growth determined for the 

Pt/C catalyst, for which the mean Pt particle size increases from 1.6 nm to 3.5 nm. Also 

after these simulated start-stop cycles, we did not find any indications of platinum particle 

agglomeration. 
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Fig. 5-14 Representative TEM images and histograms of the particle size distributions of (a, c) Pt/C and

 (b,d) Pt/C/TiOxNyCz catalysts after ADTs for (a, b) drive cycle simulations and (c, d) start-stop

 cycle simulations. 

 

The calculated loss in Pt surface area would be 71 and 62% for the Pt/C and 

Pt/C/TiOxNyCz catalysts, respectively, assuming again spherical particles and using the 



 147  

 

particle size distributions given in Fig. 5-14c and d to calculate the Pt surface area. This 

is close to the results obtained from the electrochemical measurements. The increase in 

kinetic current density obtained during the ADTs may partly be related to a particle size 

effect, since it is accepted that platinum nanoparticles of about 3 nm in diameter are most 

active for the ORR (surface area specific current density) [74,348]. Since for both catalysts 

the initial mean particle size (<d> ≈ 1.6 nm) was well below that value, subsequent 

platinum particle growth is expected to lead to more active platinum nanoparticle surfaces, 

as observed experimentally for the kinetic current density with increasing duration of the 

ADT.The fact that the loss in ECSA did not exceed significantly the loss in surface area 

determined from the TEM measurements indicates that other possible contributions to the 

loss in ECSA, such as the loss in electrical contact between platinum nanoparticles and 

carbon support due to carbon support corrosion, did not contribute significantly to the 

degradation process. As a first step towards carbon corrosion, we saw the formation and 

reduction of quinone at about 0.60 V in the anodic and cathodic scans in Fig. 5-12, but 

clearly this reversible process did not result in significant carbon corrosion. 

Finally, the less pronounced Pt particle growth of the Pt/C/TiOxNyCz catalyst, relative to 

Pt/C, in particular, during start-stop ADTs, indicates better stabilization of the Pt particles 

on the former catalyst, equivalent to a stronger interaction between support and metal. 

Considering also the similar loss in ECSA for both catalysts and the more pronounced 

decay in Pt mass specific ORR activity of the Pt/C/TiOxNyCz catalyst, this indicates a more 

pronounced formation of very small Pt particles on the Pt/C catalysts, which are not visible 

in TEM, but still contribute to the ECSA, whereas for the Pt/C/TiOxNyCz catalyst these 

effects must be less pronounced. Reasons for the lower stability of the highly active 

Pt/C/TiOxNyCz catalyst and possible strategies for stabilizing this catalyst are currently 

under investigation. 

In total, these data clearly demonstrated that the strategy of coating the doped oxide 

support material with carbon, which led to highly active catalysts, well above the activity 

of a Pt/C reference catalyst, was at least partly successful. By using similar measurements 

in a solution of HClO4, for which we obtained 120 mA mg−1
Pt and considering 
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temperature effects, the activity of this catalyst is not that far from the DOE target for 

2017 (0.44 A mg−1
Pt @ 0.90 V, 80°C). The performance of this catalyst is limited, 

however, by a stability that is too low during start-stop cycles. 

Further improvements should aim to enhance the conductivity of the oxidic Pt catalysts 

without reducing the beneficial support effects, for example, through metal–support 

interactions, and without jeopardizing the enhanced stability of the oxidic supports. This 

is a topic of ongoing work in our laboratories. 

5.4 Conclusions 

In an effort to improve the activity and long-term stability of ORR catalysts for automotive 

applications, we synthesized novel metal oxide supported Pt catalysts supported on N,C 

doped titania and characterized them with respect to their physical, electrochemical, and 

electrocatalytic properties. Mesoporous titania was synthesized by a sol-gel route (TiO2); 

modification by nitrogen and carbon doping was achieved during sol-gel processing 

(TiOxNyCz). Platinum nanoparticles were prepared by a polyol process, through reduction 

of a Pt(IV) salt in ethylene glycol, and subsequent immobilization on different support 

materials. To increase the conductivity, the modified titania nanoparticles were coated 

with carbon pyrolysis products of the surfactants (C/TiOxNyCz). Characterization of the 

resulting catalysts led to the following main results: 

(1) TEM characterization indicated platinum nanoparticles with mean particle sizes of 

1.6 to 1.7 nm, which were homogeneously distributed on the support materials. XPS 

measurements resolved distinct metal−support interactions, shifting the Pt(4f) BE to about 

0.7 eV lower values on the oxidic supports than those on the carbonaceous ones. 

(2) The electrochemical measurements revealed distinct support effects. For the oxidic 

support materials, the low conductivity led to a clearly visible Ohmic drop in the cyclic 

voltammograms. Furthermore, for these Pt catalysts, the electrochemically active 

Pt surface area was very low, which we explained in terms of a model, in which only 

Pt nanoparticles in electrical contact with the GC substrate contributed to the HUPD signal, 

whereas Pt nanoparticles supported on oxidic nanoparticles that were electrically 
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decoupled from the GC substrate would not take part in the reaction. Deactivation by 

overgrowth of the Pt nanoparticles with TiO2, which was known from the SMSI effect, 

did not appear plausible based on the relative Pt(4f) intensities and on the fact that physical 

mixing with carbon led to highly active catalysts. Additional effects from metal−support 

interactions on H2 evolution (shift of the HER onset to higher potentials for the oxidic 

catalysts) might have been present as well, but could not be distinguished from Ohmic 

drop effects. 

(3) The ORR measurements revealed distinct support effects, with much lower Pt mass 

specific ORR activities (current at 0.80 V) for the oxidic Pt catalysts than those for the 

carbonaceous catalysts; this was attributed to the very small amount of active Pt surface 

area on the former catalysts, due to the low conductivity of the support material 

(see above). The kinetic current densities were highest on the Pt/TiO2 catalyst, which 

might have been related to metal−support interactions. For the carbonaceous catalysts, the 

ORR activity of the carbon-coated Pt/C/TiOxNyCz catalyst was significantly higher than 

that of the Pt/C catalyst used as a reference, and approached the DOE 2017 target; this 

could be attributed to an effect of the oxide backbone of this support. The much higher 

H2O2 yields on the oxidic Pt catalysts than those on the carbonaceous Pt catalysts were 

attributed to the very low amount of active Pt surface; this was in agreement with 

predictions based on the desorption – re-adsorption – reaction model. 

(4) ADTs performed on the Pt/C and Pt/C/TiOxNyCz catalysts, simulating degradation 

either during drive cycles or during start-stop cycles, revealed that the losses in 

electrochemically measured ECSA and values calculated from the increase in Pt particle 

size agreed well in start-stop cycles, whereas for drive cycle ADTs the electrochemically 

determined losses were smaller than those calculated. The latter could be explained by the 

formation of very small Pt nanoparticles, below the TEM detection limit, which was more 

pronounced on the Pt/C catalyst. Contributions from other effects, such as Pt dissolution 

or carbon corrosion, to the loss in ECSA appeared to be small relative to the dominant 

influence of Pt particle growth under these conditions. 

(5) For both catalysts, the loss in (Pt mass specific) ORR activity was somewhat less than 

the decay in ECSA during the drive cycle ADTs, which resulted in a slight increase in 
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kinetic current densities with time; this was in agreement with the Pt particle growth 

towards the optimum size for the ORR. For start-stop cycle ADTs, this was different for 

the two catalysts, which resulted in an increase in kinetic current density for the Pt/C 

catalyst, but in a distinct decrease for the Pt/C/TiOxNyCz catalyst. For both catalysts, the 

changes in H2O2 selectivity with time were small, which supported that changes in the 

electronic properties of the Pt nanoparticles surfaces during degradation could be 

neglected. 
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5.5 Supplementary Data 

 

 

Fig. 5-15 HR-TEM images of a) Pt/C, b) Pt/TiO2, c) Pt/TiOxNyCz, d) Pt/C/TiOxNyCz. Lattice d spacing of

 the Pt (111) [141,185,352–354], TiO2/anatase (200) [355] and partially graphitized carbon

 (002) for Pt/C [356] and Pt/C/TiOxNyCz [357] are highlighted. 
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Fig. 5-16 Base voltammograms recorded on the Pt/C, Pt/TiO2, Pt/TiOxNyCz and Pt/C/TiOxNyCz catalysts

 as indicated in the figure (N2-saturated 0.5 M H2SO4, 10 mV s−1) active Pt surface area specific

 current densities. Arrows in b, c indicate the positions of very weak or invisible HUPD signals. 
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6 Novel, highly conductive Pt/TiO2 thin-film model 

catalyst electrodes: The role of metal-support 

interactions 
 

The content of this chapter was published (in press) in reference [358] and is reprinted 
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experimental section (section 2 in the publication) was removed to avoid duplication. The 

style as well as the numbering of the sections, the references and the figures have been 

adapted to fit the layout of the thesis. For the same reason some spellings have been 

uniformed. The figures and text from the Supplementary Data are added at the end of the 

chapter. 
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displayed in the publication. All other contributors are listed in the acknowledgement of 

this chapter. 
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6.1 Abstract 

Aiming at a better understanding of metal–support interactions in oxide supported Pt 

electrocatalysts, we have prepared and characterized planar Pt/TiO2 model catalyst 

electrodes, which combine high conductivity and direct Pt–TiO2 interactions. These 

consist of thin TiO2 film decorated with Pt nanoparticles on a glassy carbon (GC) 

substrate. TiO2 films were deposited via a potential induced sol-gel process and 

subsequently functionalized by Pt nanoparticles, by electrochemical Pt deposition, by 

deposition of pre-formed Pt nanoparticles or by photo-assisted local reduction of Pt ions. 

Scanning electron microscopy, transmission electron microscopy and X-ray photoelectron 

spectroscopy were employed for structural and electronic characterization of the model 

catalyst electrodes, cyclic voltammetry, electrooxidation of pre-adsorbed CO and O2 

reduction for evaluating their electrochemical / electrocatalytic properties. The impact of 

the Pt deposition method, of particle size effects and of metal–support interactions on the 

electrochemical properties and the catalytic activity / selectivity of these systems is 

discussed. 

6.2 Introduction 

The improvement of fuel cell cathode catalysts has long been dominated by the strive for 

enhancing the activity for the O2 reduction reaction (ORR) [127]. In recent years, 

however, the lack of stability of carbon supported Pt and, even less stable highly active 

bimetallic PtMe catalysts under realistic operating conditions has become an issue of 

increasing importance. Most obvious, this refers to the corrosive dissolution of the noble 

metal particles under operating conditions and in particular during start-stop cycles, but 

also the corrosion of the carbon support materials plays an important role [32,100]. Here 

titanium dioxide has attracted increasing interest as alternative catalyst support because of 

its high corrosion stability [160,177,235,359]. Furthermore, several reports pointed to 

distinct metal–support interactions in Pt/TiO2 catalysts, which may also be beneficial for 

electrochemical applications [161,162,177,235]. A major drawback of this support 

material, however, is its low electrical conductivity, which may result in a low utilization 
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of the active Pt nanoparticles and hence in a pronounced loss of activity because of the 

lacking potential control. To enhance the conductivity of oxide supports, various 

approaches have been tested, ranging from doping with other metals [360,361] or non-

metals [362,363] up to the use of carbon containing composites [150]. Focusing on model 

systems, also the use of thin oxide films supported on a conducting substrate may result 

in a sufficient electrical conductivity across the film [161,359]. 

In the present work, we followed this strategy to investigate the electrochemical and 

electrocatalytic properties of Pt/TiO2 catalysts without interference from insufficient 

electric conductivity. Well-defined model electrodes with sufficient electrical 

conductivity were fabricated by electrodeposition of TiO2 films onto a glassy carbon 

substrate and subsequent functionalization by Pt nanodeposits. The work includes both 

the testing of different concepts for preparing such model systems and the characterization 

and understanding of their electrochemical and electrocatalytic properties. We are 

particularly interested in identifying possible effects of the oxide support film on the 

electrochemical and electrocatalytic behavior of the differently prepared Pt model 

catalysts, which would be indicative of metal–support interactions. For characterizing the 

electrocatalytic properties, we investigated the electrooxidation of a pre-adsorbed CO 

layer and, more relevant for fuel cell application, the oxygen reduction reaction (ORR). 

So far, thin oxide and, in particular, titania films have been prepared via different methods, 

including the deposition of an oxide ink onto a conductive substrate followed by 

subsequent drying or even calcination [162], by chemical vapor deposition (CVD) [364], 

spray coating [365] or by reactive sputtering of Ti in an O2 atmosphere [141]. In the first 

case, it is hard to control the film thickness, the latter three methods suffer from a different 

problems such as deviations in the film stoichiometry, which may strongly affect the 

electronic properties and consequently also the electrocatalytic activities of the resulting 

films, as shown, e.g., by Liu et al. for the oxygen reduction reaction (ORR) on several 

metal oxides [141,229]. 
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In this work we used electrodeposition of TiO2 on a conducting substrate such as glassy 

carbon or indium doped tin oxide (ITO), to fabricate TiO2 films of controlled thickness of 

approximately 100 nm (for details see section 6.3.1 and ref. [215]). For the subsequent 

functionalization by deposition of Pt nanoparticles different procedures were tested, 

including the deposition of pre-formed unsupported Pt nanoparticles from an aqueous 

suspension [185], the electrodeposition from Pt4+ salt containing electrolyte [366–368] 

and photo-assisted Pt deposition [369], in order to possibly modify the metal‒support 

interaction 

In the following we will, after a brief description of the experimental procedures, first 

address the potential dependent TiO2 film deposition. The effect of a repeated deposition 

of titania and its consequences on the film quality will also be explored. Next we focus on 

the formation / immobilization of Pt particles on the TiO2/GC electrodes, employing the 

different Pt deposition methods mentioned above. The film morphology and the Pt 

nanoparticle distribution will be characterized via scanning electron microscopy (SEM). 

Electronic effects of the underlying TiO2 on the Pt nanoparticles will be determined by X-

ray photoelectron spectroscopy (XPS), via the Pt(4f) binding energy. This will be followed 

by the characterization of the electrochemical and electrocatalytic properties, by cyclic 

voltammetry and by the electrooxidation of pre-adsorbed CO (‘COad stripping’), where 

online mass spectrometry will allow us to distinguish between electrode oxidation and 

COad oxidation. Moreover, the ORR will be examined, studying both, the activity and 

selectivity with respect to the 4-electron pathway (H2O formation). Finally, we will briefly 

address future strategies to further improve these model catalysts. 
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6.3 Results and Discussion 

6.3.1 Cathodic Deposition of TiO2 

We first characterized the reductive TiO2 deposition process in the nitrate buffer 

containing electrolyte, with the aim of optimizing the experimental parameters for the 

fabrication of closed and homogeneous titania films on a glassy carbon substrate. A 

detailed presentation of the electrochemical behavior of the GC electrode in the pure 

nitrate buffer electrolyte, with addition of H2O2 and finally the Ti4+-salt containing 

electrolyte is shown in the Supplementary Data (Fig. 6-8). 

Since the TiO2 film formation strongly depends on the amount of OH− formed at the 

electrode surface, we first applied a potentiodynamic deposition procedure, varying the 

lower potential limit from −0.70, to −0.90, −1.20 and finally to −1.60 V, to assess the 

effect of the different states of nitrate reduction and thus OHad/OH− generation on the 

formation and quality of the TiO2 film. However, the film quality was found to decay 

when rather low potentials, between −1.40 and −1.60 V, were reached where the H2 

evolution on GC sets in and results in bubble formation on the surface. These interfere 

with the TiO2 deposition and also directly damage the already existing but still instable 

initial oxide film. The resulting film morphology of the here reported deposition method 

in the above mentioned potential windows was characterized using scanning electron 

microscopy (Fig. 6-1); the related deposition cycles can be found in the Supplementary 

Data (Fig. 6-10). 

Although, nitrite reduction as the first hydroxide generation step (see reaction scheme in 

Supplementary Data Fig. 6-7) starts at about −1.20 V, we have first chosen −0.70 V as 

low potential limit for the potentiodynamic deposition of TiO2, which is in the region of 

the onset of nitrate reduction. This way we want to investigate whether this nitrate 

reduction step is sufficient to lead to the required pH change at the electrode. 
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Fig. 6-1 SEM images of TiO2 films deposited potentiodynamically (10 mV s−1) on GC, using different 

negative potential limits as indicated in the figure, and subsequent calcination. 

 

Actually, Fig. 6-1a illustrates the beginning of titania deposition on the glassy carbon 

substrate. This, however, did not lead to a closed film, since the nitrate reduction and thus 

the OH− formation were not sufficient. Going to more cathodic potentials, to −0.90 V (Fig. 

6-1b), results already in the build-up of the characteristic and well-known morphology of 

such electrodeposited titania films, which are formed by growth and coalescence of titania 

nuclei [215,370–372]. 

The film growth can be further improved by extending the cathodic potential limit to −1.20 

V and below (Fig. 6-1c and d), where the higher rate of nitrite reduction and hence OH− 

formation leads to more rapid film growth. This also leads to a pronounced change in the 

film morphology, which instead of the grainy structure in Fig. 6-1a appears now generally 

rather flat, with some randomly distributed 3D structures on top. The flat parts in addition 

exhibit a few distinct cracks (see also discussion below) and a fine structure of numerous 

small cracks. While we expect the large cracks to reach down to the substrate, the smaller 

ones are assumed to be limited to the film surface region. For the maximum cathodic 

potential used (−1.60 V), the general morphology is rather similar to that observed upon 

titania deposition down to −0.90 V, but the fine structure is less pronounced and the 3D 
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extra structures seem to be fewer. Note that, the applied maximum cathodic potential is 

about 0.30 V more cathodic than that used in most other studies [215,372], which is only 

possible because of the high overpotential of the substrate material GC for the H2 

evolution reaction (HER) [373]. The Pt substrate used in the work of Dziewoński et al. 

[215], for example, would lead to enormous H2 evolution in this potential region. The 

same is true for other metal substrates [376-378] and also for the often used ITO (indium 

tin oxide) [214,371,372,377] or FTO (fluorine doped tin oxide) [378] covered conducting 

glass electrodes, where the amount of evolved hydrogen is lower than that for the metal 

ones, but still much higher compared to glassy carbon. 

The subsequent calcination step causes significant tensions in the films, which lead to the 

formation of cracks. This trend increases with increased cathodic potential limit, due to 

the growing thickness of the resulting titania films [215,371,379]. 

The homogeneity of the films deposited when going to high cathodic potentials can be 

further improved by repeated cycling between the respective potential limits, in this case 

0.90 V and −1.60 V (Fig. 6-2a), which fills up remaining open areas in the film. The first 

run is performed with a bare TiO2-free GC electrode, whereas in the second run the 

electrode is already covered by a thin TiO2 film. This leads to a significant difference in 

the potentiodynamic response and in the deposition process. First of all, the H2O2 

reduction is more pronounced and shows a reduction onset at 0.10 V and a peak maximum 

at −0.40 V for both the cathodic- and the anodic-going scan. These lower overpotentials 

for peroxide reduction, compared to the non-titania covered electrode, could be related to 

a weaker NO3
− adsorption on TiO2 compared to GC, which favors H2O2 reduction on TiO2 

by less efficient site blocking by adsorbed nitrate on that surface compared to GC. 

Previous studies had reported also a higher activity for H2O2 reduction on TiO2 than on 

GC in the absence of NO3
− [220,267]. Therefore, the physical reason for the increased 

H2O2 reduction activity of TiO2 compared to GC in the presence of nitrate species cannot 

be resolved. Going to more cathodic potential, nitrate reduction is less pronounced than 

in the first cycle, and also the peak maximum is shifted from −1.15 to −0.80 V.  
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Fig. 6-2 a) Repeated potentiodynamic TiO2 deposition (10 mV s−1; positive-going scan indicated by an 

arrow; geometric electrode surface area normalized current density) as indicated in the graph; b - 

e) SEM images of the resulting TiO2 films resulting after different numbers of deposition cycles 

and subsequent calcination, as indicated in the figure. 

 

The subsequent reduction steps of nitrate and nitrite as well as the hydrogen evolution 

start at an about 0.20 V earlier potential compared to the first deposition cycle. For the 
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subsequent third and fourth potentiodynamic cycles the H2O2 reduction becomes even 

more pronounced, while the decaying nitrate reduction features almost disappear. 

Additionally, the peak maximum for H2O2 reduction and the onset of hydrogen evolution 

are shift by 0.08 and 0.06 V, respectively, to more anodic potentials for the third and fourth 

deposition cycle compared to the second one. There is no significant difference in the 

current response between the third and fourth deposition cycle. Generally, the double layer 

charging increases with increasing number of cycles, which can be related to the 

increasing thickness of the deposited TiO2 film. The corresponding SEM images are 

shown in Fig. 6-2b - e. The objective to increase the film homogeneity, as defined by a 

smooth TiO2 film with a minimum number and size of the additional 3D structures on top, 

where the latter could affect the subsequent Pt deposition, was largely reached already 

after the second potentiodynamic run. It should be noted that after calcination the films 

always exhibited cracks, which were formed during calcination and thus during water 

removal, as the latter leads to increasing tensions in the film [371,380] (cracks are not 

visible in Fig. 6-2c and d, but present in other areas of the respective surfaces). 

Based on these results, we decided to produce the titania films for the Pt decorated 

TiO2/GC electrodes via repeated potential cycling, using three successive runs between 

0.90 and −1.40 V, and subsequent calcination. Even for this procedure, however, the GC 

substrate will remain accessible via cracks, although the GC surface is largely covered by 

the TiO2 film. 

6.3.2 Preparation of Pt/TiO2/GC Electrodes 

Various methods were applied to prepare the Pt/TiO2/GC electrodes, all of them involved 

the subsequent decoration of the TiO2/GC electrode with Pt particles. Since the deposition 

of pre-formed Pt nanoparticles, synthesized via the ’polyol method’ [185], has been 

applied successfully on various support materials previously [235], we first attempted this 

route to produce a PtNP/TiO2/GC model electrode. SEM images such as that shown in Fig. 

6-3a, reveal that this results in strongly agglomerated chains of particles on the surface 

rather than separated individual particles. Such agglomeration effects are well known for 

unsupported nanoparticles on planar supports, even at low concentrations [381]. Hence, 
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this preparation method results in a rather inhomogeneous particle distribution on the 

electrode surface. Due to the agglomeration, the resulting electrochemically active Pt 

surface area (ECSA) is far below the value expected for a Pt particle size of about 1.8 nm 

(see Tab. 6-1) determined in previous work [235] and the applied Pt loading. Moreover, 

the particles or particle agglomerates are deposited on both, the TiO2 film as well as on 

the uncovered glassy carbon, where the latter became accessible after the calcination step, 

which are clearly visible in high resolution SEM images such as that in Fig. 6-3a. 

For electrochemical deposition (PtEC/TiO2/GC), as second deposition method, the same 

problem can be expected, since Pt electrodeposition on TiO2 with its high 

overpotential [368] will always be much slower than that on carbon or other conductive 

electrodes, where the overpotential is much lower [366,382]. Since Pt deposition on the 

conducting substrate was found to be even more pronounced if the electrodeposition of Pt 

is performed in parallel to a cathodic oxide deposition [383], we applied a sequential 

deposition procedure, depositing first TiO2, followed by Pt deposition. To furthermore 

minimize the relative surface area of bare, accessible glassy carbon, calcination of the 

TiO2 film was performed only after Pt deposition, since during calcination the formation 

of cracks in the TiO2 film cannot be avoided (see section 2.3.3.2), which enable the direct 

access to the underlying GC surface. Surprisingly, SEM images recorded on such TiO2 

film covered surfaces (Fig. 6-3b) did not show any Pt particles, neither on the TiO2 areas 

nor on the carbon substrate, and a similar result was obtained also in EDX and XPS 

measurements on this sample, where Pt was essentially absent (see below). In agreement 

with these conclusions, the electrochemically active surface area of this electrode (see 

below) was much lower than that obtained for the PtNP/TiO2/GC electrode, about 20% of 

the value obtained there. On the other hand, the Pt deposition charges (deposition curves 

not shown here) and ECSA (see Tab. 6-1) on such electrode were almost identical to those 

obtained for Pt electrodeposition on a bare GC electrode, indicating that comparable 

amounts of Pt had been deposited in both cases by electrochemical deposition (1.3 µC cm-

2 for TiO2/GC and 1.2 µC cm-2
 for GC). 
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Fig. 6-3 SEM images of Pt nanoparticles deposited with various methods on TiO2/GC substrates, as 

indicated in the figure. 

 

Most probably, the TiO2 film did not fully inhibit the transport of Pt4+ ions to the GC 

surface and Pt nanoparticles were formed at or close to the GC-TiOx interface, covered by 

the TiOx film. The total amount of Pt deposited under present experimental conditions is, 

however, much less than obtained for the other two deposition procedures. Assuming that 
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the Pt particle size and shape resulting from the electrodeposition protocol resemble that 

obtained for Pt electrodeposition on a pure GC substrate, we also recorded SEM images 

of a pure GC substrate treated by the same Pt electrodeposition procedure. (PtEC/GC). 

They reveal randomly shaped Pt particles with sizes of about 20 to 150 nm diameter on 

the GC substrate (see Supplementary Data Fig. 6-11). In addition, an about similar number 

of much smaller Pt particles, with less than 10 nm in size, can also be detected. Spâtaru et 

al. [368] reported the SEM observation of Pt particles electrodeposited on a TiO2 film, 

which had been deposited in the same way as in the present work, but on a boron doped 

diamond (BDD) substrate. Applying a potential of about −0.30 V for Pt deposition, which 

is 0.40 V more negative than that used in the present work, the sizes of the resulting Pt 

particles ranged from about 75 to 250 nm. The authors did not specify any simultaneous 

Pt electrodeposition on the BDD substrate. 

Most effective in avoiding metal deposition on the partly accessible GC was the third 

deposition procedure (PtUV/TiO2/GC), involving a photo-assisted deposition process, 

which can only occur on the photoactive sites of the metal oxide [384–386]. Due to the 

rather low photoactivity of the TiO2 films produced in this work we reduced the 

recombination of electron–hole pairs by adding methanol, which is oxidized by the 

photogenerated holes, while the electrons reduce Pt4+ to metallic Pt0. As shown in the 

SEM image in Fig. 6-3c, this deposition method results in two particle sizes, depending 

on the film morphology. On the more finely structured titania film areas (see black bold 

arrow), Pt particles with mean particle size of about 50 nm were identified, whereas on 

the smoother parts (see fine black arrow) larger Pt particles with a mean particle size of 

about 100 nm were observed. To obtain smaller particles the concentration of Pt4+-ions 

was reduced drastically (see experimental section). This significantly lowered the total 

amount of Pt deposited on TiO2/GC, but on the other hand also led to the desired smaller 

particles of about 1.5 to 3.0 nm (see SEM and TEM images and the TEM-based particle 

size distribution in the Supplementary Data, Fig. 6-11b). These were found to be 

homogeneously distributed on the surface. 
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Tab. 6-1 Pt particle size, electrochemical surface area, COad oxidation peak potential and mass 

spectrometric charge, and the Pt(4f) binding energy for Pt on TiO2/GC and Pt/GC deposited 

physically, electrochemically and by photo-assistance, as well as for disperse Pt/C and PtTiO2 

catalysts and bulk Pt. 
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The electronic state of the Pt deposit was characterized by X-ray photoelectron 

spectroscopy (XPS), comparing mainly the Pt(4f) binding energies (BEs). Detail spectra 

of the Pt(4f) regions are presented in Fig. 6-4. The graph depicts spectra recorded on the 

different Pt/TiO2/GC model electrodes and on the Pt/GC systems, where the latter were 

prepared via the same Pt deposition procedures. For comparison with realistic, highly 

dispersed catalysts the dashed lines indicate the Pt(4f7/2) binding energies of (a) Pt on 

disperse carbon (Vulcan XC72) supported Pt catalyst (Fig. 6-4, line (a)) and (b) TiO2 

supported Pt catalyst (Fig. 6-4, line (b)), where the latter were deposited as thin films on 

a silicon wafer for XPS measurements. The Pt(4f) BEs related to metallic Pt are collected 

in Tab. 6-1. 

The BE of bulk Pt metal was reported in between the values of Pt/TiO2 (70.8 eV) and Pt/C 

(71.7 eV), at ~71.2 eV [302]. The higher BE of the Pt/C catalyst compared to bulk Pt was 

attributed to particle size effects, considering their size of 1 - 4 nm. The characteristic 

difference in the Pt(4f7/2) BEs between the two disperse supported catalysts Pt/C and 

Pt/TiO2 of 0.9 eV agrees with findings in earlier reports, where it had been attributed to a 

support effect [178,179]. This was explained by a shift of electron density from the d-

orbital of the transition metal of the oxide to the d-orbital of noble metal at the materials 

interface, which lowers the d-band vacancy of the noble metal, in the present case of Pt 

[168,169]. Looking at the planar model electrodes, their Pt(4f7/2) BEs do not seem to 

follow these trends. This is different, however, when considering that for large particles 

support effects will be small to negligible. The three Pt/TiO2/GC model electrodes with 

large nanoparticles exhibit Pt(4f7/2) BEs of 71.1 eV for the PtEC/TiO2/GC sample and of 

71.4 eV for the PtNP/TiO2/GC and the PtUV, large/TiO2/GC model electrode, which is close 

to the Pt bulk value (71.2 eV). For small Pt NPs, one would expect an up-shift of the 

Pt(4f7/2) BE due to particle size effects, which is indeed observed for the Pt/C catalyst 

electrodes. For small Pt NPs on TiO2, independent of whether they are supported on highly 

disperse TiO2 (Pt/TiO2 catalysts) or on a TiO2 film (PtUV, small/TiO2/GC), the Pt(4f7/2) BE 

is significantly lower, 70.8 - 71.0 eV. This down-shift compared to the Pt/C catalyst as 

reference material, from 71.7 eV for the Pt/C catalyst to ca. 71.eV, is attributed to 
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metal-support interactions, which result in a down-shift of the Pt(4f7/2) BE for small Pt 

NPs, which more than overcompensates the up-shift of the BE from 71.2 eV to 71.7 eV 

due to particle size effects. 

 

Fig. 6-4 Detail XP spectra of the Pt(4f) signals of the different Pt/TiO2/GC electrodes and the

 corresponding TiO2 free electrodes as indicated in the figure; bottom spectra were recorded on

 thin layers of highly disperse Pt/C and Pt/TiO2 catalysts serving as reference materials. Dashed

 lines indicate binding energy levels of the reference materials.  
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Overall, the Pt(4f) BEs of the Pt/TiO2/GC model electrodes with large Pt NPs seem to be 

dominated by bulk-like electronic properties of the Pt particles, in agreement with their 

size or that of the particle agglomerates, and metal–support interactions are negligible, 

while for small Pt NPs metal–support interactions can significantly modify the electronic 

properties of the Pt NPs. The photo-assisted Pt deposition route, where Pt nanoparticles 

are only deposited on the TiO2 film, turned out to be most promising, both with respect to 

the particle size and distribution and to support induced electronic modifications. 

6.3.3 Electrochemical & Electrocatalytic Behavior of the Pt/TiO2/GC Electrodes 

For comparison of the electrochemical and electrocatalytic properties the different model 

electrodes were characterized by cyclic voltammetry in base electrolyte, via the 

electrooxidation of pre-adsorbed COad (‘COad stripping’) and the reduction of molecular 

oxygen. For the COad electrooxidation we also employed online mass spectrometric 

detection of the CO2 formed in order to distinguish between CO2 formation and 

contributions from double layer charging and electrode oxidation to the Faradaic current. 

The results were compared with data obtained recently for realistic, high surface area 

Pt/TiO2 (TiO2 powder) and Pt/C (commercial carbon black Vulcan XC72) catalysts [235]. 

The graphs on the left of Fig. 6-5 show the Faradaic current density for the oxidation of 

pre-adsorbed COad, normalized by the geometric electrode surface area (red circled 

curves) and starting at the CO adsorption potential of 0.07 V. The black curve corresponds 

to the cyclic voltammogram (CV) recorded in the subsequent potential cycle in base 

electrolyte between the potential limits, starting with the negative-going scan. For all four 

electrodes the CVs display the typical features of a polycrystalline Pt electrode, namely 

the reduction of the surface oxide (and its re-formation in the positive-going scan) in the 

potential range of 0.80 to 1.20 V, the double layer regime between 0.40 and 0.80 V, and 

the hydrogen adsorption (Hupd) and desorption peaks in the potential range of 0.06 to 

0.40 V [342–344]. For PtUV,small/TiO2/GC, these features are hardly recognizable, as 

expected from the small amount of Pt deposited (see XPS data in Fig. 6-4, line (b)). In 

apparent contrast to the SEM results the Pt characteristics are also visible for the 

Pt/TiO2/GC electrode with electrochemical deposited Pt (PtEC/TiO2/GC). The Hupd peaks 
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are, however, significantly smaller than those of the other two Pt/TiO2/GC samples, which 

leads to the lowest ECSA with 0.15 cm2, compared to 0.75 cm2 and 3.77 cm2 for 

PtNP/TiO2/GC and PtUV, large/TiO2/GC, respectively. This supports our above assumption 

that some Pt had indeed been deposited (see deposition charges mentioned in section 

6.3.2), most probably on the GC substrate and not on the titania film, but the amount is 

much smaller than obtained by the other two deposition procedures under present 

deposition conditions. As indicated already above, the PtUV, small/TiO2/GC electrode 

exhibits a rather low active surface area of about 0.20 cm2, which is almost as low as that 

of the PtEC/TiO2/GC electrode. 

The differences in the electrochemical active surface area, as determined by the Hupd, are 

also reflected in the COad oxidation currents and charges as well as in the mass 

spectrometric CO2 ion current signals / charges (see Tab. 6-1). In the latter signals, 

possible contributions from double layer charging and / or electrode oxidation, which are 

included in the Faradaic current signal, are absent. Therefore, these signals give a more 

precise account of the onset of COad oxidation and on the amount of CO oxidation / CO2 

formation. The related CO2 ion current traces are presented in the right panels in Fig. 6-5. 

For comparison with the realistic disperse catalysts Pt/ TiO2 (Fig. 6-5, line (a)) and Pt/C 

(Fig. 6-5 (b)), their COad oxidation maxima are indicated as dashed lines. The activity of 

the three Pt/TiO2/GC model catalysts with large Pt NPs (PtEC, PtNP, PtUV, large) for COad 

oxidation is similar when considering the onset of the oxidation reaction, which is located 

at about 0.40 V, and also for the maximum of the main peak at 0.70 V. Furthermore, all 

three samples exhibit a characteristic pre-wave signal in the potential range of 0.40 to 0.60 

V. In contrast, COad oxidation on the disperse Pt/C catalysts with the 1.8 nm Pt 

nanoparticles results in a current maximum at about 0.78 V (Fig. 6-5 (b)). For disperse 

Pt/TiO2 catalysts with similar Pt particle sizes the peak is down-shifted, resulting in a peak 

maximum at about 0.70 V (a). This down-shift compared to Pt/C was attributed to 

electronic effects caused by metal–support interaction (see also our above discussion in 

section 6.3.1) [177]. Note that the peak potential for the Pt/TiO2 catalyst is similar to that 

for polycrystalline bulk Pt [21] or for large Pt NPs (see above), i.e., particle size effects 



172  

 

(up-shift) and metal-support interactions (down-shift compared to Pt/C) seem to 

compensate each other.  

 

 

Fig. 6-5 COad oxidation current responses (Pt geometric surface area normalized current density)

 recorded on the different Pt/TiO2/GC electrodes, showing the first anodic run (red circles) and

 subsequent potentiodynamic progress of the Pt/TiO2/GC electrode (black line). Dashed lines

 indicate oxidation peak maxima of the disperse reference catalyst materials (a) Pt/TiO2 and

 (b) Pt/C 10 mV s−1, N2-sat. 0.5 M H2SO4. Top panels: Faradaic currents, bottom panels: mass

 spectrometric currents (m/z = 44). 
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For PtUV, small/TiO2/GC model catalyst with small Pt NPs, where XPS clearly indicated an 

electronic interaction between support and Pt NPs, we expect a similar value of the COad 

oxidation potential as observed for disperse Pt/TiO2. Surprisingly, we obtained a 

significantly higher value for the electrooxidation potential, with an onset potential of 0.68 

V and the maximum at about 0.87 V. Such values, which are significantly higher than the 

potentials obtained on the Pt/C catalyst, have been reported so far only for extremely small 

Pt NPs [387]. Very high COad oxidation potentials were reported also for a comparable 

system of electrodeposited Pt on electrodeposited, uncalcined TiO2 films on boron-doped 

diamond (BDD) by Spătaru et al. [368]. Those authors reported an up-shift of the CO 

electrooxidation peak by almost 0.30 to 0.40 V compared to bulk Pt (ca. 0.94 and 1.16 V). 

They attributed two maxima separated by about 0.20 V to different CO adsorption 

energies on different Pt sites.  

The significantly higher CO oxidation potential of the PtUV, small/TiO2/GC model electrode 

compared to that of the disperse Pt/TiO2 catalyst electrode is insofar of particular interest 

as both of them feature rather small Pt nanoparticles that are less Than 1.5 nm 

(PtUV, small/TiO2/GC) and about 2.0 nm (Pt/TiO2). Peak potentials of around 0.70 V were 

reported also by other groups for CO oxidation on TiO2 supported disperse catalysts 

[177,178,388]. On the other hand, similar observations of widely varying CO oxidation 

potentials were reported recently by Hayden et al. for Pt/TiOx/Au model electrodes 

consisting of a thin TiOx film which was vapor deposited on an Au substrate and then 

functionalized by Pt evaporation [161,359]. They observed that with decreasing Pt 

deposition the CO oxidation peak shifted to higher potentials, from 0.70 V (peak 

maximum) for 1.85 nm equivalent Pt thickness to 0.83 V a 0.65 nm equivalent thickness. 

In the latter case, CO oxidation was not even finished at 1.20 V. This was explained by an 

increasingly hindered formation of OHad species on Pt (‘Pt-OH’) as the Pt coverage 

decreased. Hence, most likely the pronounced up-shift of the CO oxidation potential on 

the PtUV, small/TiO2/GC model electrode compared to Pt/TiO2 is due to pronounced Pt 

particle size effects, which are much stronger for Pt on TiO2 supports than for Pt/C (see 

discussion above), where they are also present, but only cause a shift from 0.70 V (bulk 

Pt) to 0.78 V (Pt/C). Overall, CO oxidation on the PtUV, small/TiO2/GC model electrodes is 
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affected by a combination of metal-support interactions (down-shift of the CO oxidation 

potential) and pronounced Pt particle size effects, which result in a counteracting up-shift 

and which are much more pronounced than observed, e.g., for Pt/C. The tentative 

explanation of the significantly higher CO oxidation potential of the PtUV, small/TiO2/GC 

model electrode compared to that of the disperse Pt/TiO2 catalyst electrode by particle 

size effects (smaller Pt NPs in the first case) would be consistent also with the higher BE 

of the Pt(4f7/2) state in the first system (71.0 vs. 70.8 eV), although this difference is at the 

limits of such measurements. 

The performance of the Pt/TiO2/GC model electrodes and for comparison, that of the 

disperse Pt/C and Pt/TiO2 catalyst electrodes in the ORR is illustrated in Fig. 6-6. The 

Faradaic currents normalized to the geometric area of the model electrode, which are 

collected in Fig. 6-6a, show pronounced differences in the ORR activity (measured at 0.80 

V), which decays in the order PtUV, large/TiO2/GC (−1.53 mA cm−2) > Pt/C (−1.10 mA cm−2) 

>> PtUV, small/TiO2/GC (−0.19 mA cm−2) > PtNP/TiO2/GC (−0.10 mA cm−2) > Pt/TiO2 

(−0.08 mA cm−2) > PtEC/TiO2/GC (−0.005 mA cm−2). Significant differences are obvious 

also in the transport limited current densities, which for the lowest activity electrodes can 

only be estimated. The activity seems to follow the trend of the (decreasing) ECSA of the 

model electrodes. Therefore we calculated kinetic current densities in the kinetic area 

(0.95 to 0.75 V), which were subsequently normalized by the ECSA of the respective 

electrodes rather than by the (constant) geometric surface area. The results are plotted in 

the second panel in that figure (Fig. 6-6b). Indeed, these curves show little difference 

between the different electrodes, indicating that the vast differences in the geometric area 

normalized current densities are mainly caused by the different Pt ECSAs of the model 

electrodes. 

Considering the rather high Pt loading (10 wt.%) of the disperse Pt/TiO2 catalyst this 

means that much or even most of the Pt on this catalyst is electrochemically not accessible, 

which we attribute to the lack of electric conductivity of the catalyst layer. The same is 

true for the PtEC/TiO2/GC (−0.005 mA cm−2) model catalyst, where for the latter the 
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Ohmic resistance leads to a strong kinetic hindrance such that the limiting current is hardly 

or not at all reached in the applied potential window. 

On the contrary, the TiO2-free analogue, where almost the same Pt deposition charge was 

observed, shows a significantly higher ORR activity than the PtEC/TiO2/GC electrode 

(Supplementary Data Fig. 6-13), which supports our assumption that Pt electrochemically 

deposited on a partly TiOOH covered GC substrate is subsequently, during calcination, 

largely covered by a TiO2 film, which lowers the accessibility of active Pt sites, making 

this model electrode even less active than Pt on disperse, non-conductive TiO2. In contrast 

for the model electrodes with colloidal Pt nanoparticles (PtNP/GC, PtNP/TiO2/GC), where 

the Pt NPs are deposited on the calcined TiO2 film, i.e., after calcination, this overgrowth 

cannot occur and there is no difference between the two analogues. 

A second important aspect in the ORR is the selectivity of the catalyst for the formation 

of water (4-electron pathway). This is particularly important in polymer electrolyte fuel 

cell applications, since the H2O2 formed in the competing (2-electron pathway) is highly 

corrosive towards the membrane electrode assembly. The current densities for further 

oxidation of the resulting peroxide measured on the collector electrode, which are 

normalized to the geometric area of the latter electrode, are displayed in Fig. 6-6c, the 

corresponding current yields for H2O2 formation in Fig. 6-6d. 

They show significant differences between the different model electrodes. For the 

PtUV, large/TiO2/GC model electrode with its high Pt loading (active surface area), 

significant amounts of H2O2 are observed only at potentials below 0.30 V. This closely 

resembles the behavior of the Pt/C catalyst electrode, which also has a high Pt loading. 

The two next model electrodes, PtNP/TiO2/GC and PtUV, small/TiO2/GC, show an onset of 

H2O2 formation already at 0.80 V, and this increases with increasing overpotential. At 

0.30 V, values of 3 - 5% are reached. Similar behavior is observed also for the disperse 

Pt/TiO2 catalyst electrode. The worst selectivity for H2O formation (highest H2O2 yield) 

is obtained for the PtEC/TiO2/GC model electrode, with almost 50% of H2O2 yield at 0.30 

V. 
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Fig. 6-6  ORR characteristics of the different Pt/TiO2/GC model catalysts and, for comparison, of the

 disperse reference catalyst materials Pt/C and Pt/TiO2 as indicated in the figure. a) Faradaic

 current densities normalized to the geometric surface area, b) kinetic current normalized to the

 ECSA, c) the collector current (normalized to the geometric surface are of the generator

 electrode, and (d) the calculated H2O2 yield (O2 saturated 0.5 M H2SO4, flow rate 10 µl s−1,

 10 mV s−1). 

This trend to increasing H2O2 current yield can at least qualitatively be understood on the 

basis of transport effect: Seidel et al. had demonstrated for nanostructured Pt/GC model 

electrodes that with decreasing density of Pt nanodisks (ca. 50 nm in diameter) on the GC 
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substrate the H2O2 yield increases [389]. The authors explained that by a decreasing 

probability of re-adsorption and further reduction of H2O2 which had been formed in a 

first step and desorbed into the electrolyte. Comparable results were reported later also by 

Inaba et al. for disperse Pt/C catalysts with decreasing amount of Pt deposited [390]. A 

similar trend to higher H2O2 current yields is obtained also for the present Pt/TiO2/GC 

model electrodes when using the ECSA as parameter for the Pt loading. 

Overall, the results of the electrochemical and electrocatalytic measurements seem to 

agree well with the findings of the physical characterization, since distinct differences in 

the amount and nature of Pt deposited on the TiO2 films, where the latter is characterized 

by the Pt NP size and the BE of the Pt(4f7/2) state, are directly reflected also in the COad 

oxidation charge / oxidation potential and in the ORR activity / selectivity. The rather big 

Pt particles fabricated in some cases lead to a COad oxidation behavior, which closely 

resembles that of polycrystalline bulk Pt, while for systems with small Pt NPs particle size 

effects cause a distinct up-shift of the oxidation potential. For these particles, metal-

support interactions are present as well. Distinct differences in the reaction characteristics, 

both in the (geometric area normalized) activity and in the selectivity were observed also 

in the ORR. In this case, the differences seem to be dominated, however, by the ECSA of 

the model electrodes (activity) and related transport effects (selectivity for H2O 

formation).  

Future work on these model electrodes will focus on further improving i) the quality of 

the titania films such that Pt migration through the film, to the GC substrate, is inhibited 

and Pt deposition can only occur on the TiO2 film surface, and ii) the Pt photodeposition 

process to increase the amount of Pt deposited, while keeping the low Pt particle size. The 

latter is the only process allowing to exclusively deposit metal (here Pt) on the oxide film, 

optimization will involve, e.g., controlled variation of the metal salt concentration, of the 

amount of methanol additive or of the deposition time. Optimization of the TiO2 films is 

motivated by the fact that procedures for selective Pt deposition on the TiO2 areas, in the 

presence of bare GC areas or due to migration of Pt through the TiO2 film, are not required, 

if the GC surface is fully covered by a TiO2 film which inhibits Pt migration to the surface. 
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6.4 Conclusions 

Aiming at a detailed understanding of the electrochemical and electrocatalytic properties 

of Pt/TiO2 electrocatalysts, in the absence of effects induced by a limited electric 

conductivity, we have prepared highly conductive and structurally well-defined planar 

Pt/TiO2 model electrodes and characterized their physical and electrochemical / -catalytic 

properties. The model electrodes were fabricated by cathodic electrodeposition of thin 

titania film on glassy carbon substrates, which were subsequently decorated by Pt 

particles. Employing different procedures for Pt deposition and various characterization 

techniques, and comparing with previous results reported in the literature, we arrived at 

the following main results and conclusions: 

(1) The cathodic deposition of a titania film on a glassy carbon electrode starts already at 

the potential for nitrate reduction at −0.70 V, and leads to an essentially closed film at 

nitrite reduction in the potential range of about −1.10 to −1.40 V. At more cathodic 

potentials increased gas evolution due to side reactions, mainly H2 and N2 evolution, 

interfere with the film formation or even destroy the oxide films. 

(2) Repeated titania deposition by continuous potential cycling improves the formation 

of a homogeneous smooth and closed layers significantly, with a reduced density of 

additional 3D titania structures on top of the smooth film. This is reached already after 

two to three deposition cycles. 

(3) Pt decoration via deposition of preformed unsupported Pt nanoparticles (mean 

particle diameter ~1.8 nm) results in agglomerates of Pt nanoparticles. Electrochemical 

deposition on pure GC resulted in a broad particle size distribution, with particle sizes of 

about 20 to 150 nm, plus small particles of about 3 to 6 nm, which are distributed all over 

the electrode. On TiO2/GC electrodeposited Pt could not be identified by SEM imaging, 

although based on the deposition charge some Pt was deposited. We assume this to be 

located on the GC where this is accessible, e.g., in cracks of the titania film. Finally, photo-

assisted metal deposition resulted depending on the deposition parameters in very small 

(1.5 to 3.0 nm) or rather large (50 to 100 nm) Pt NPs, which are solely formed on the TiO2 

covered areas. 
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(4) XPS reveals distinct particle size and metal–support interaction effects. While on the 

three Pt/TiO2/GC model electrodes with large Pt NPs the Pt(4f7/2) state is characterized by 

a maximum at 71.2  0.2 eV, essentially identical with that on polycrystalline Pt, this is 

up-shifted to 71.7 eV for the Pt/C catalyst (small Pt NPs) due to particle size effects. 

Additional metal–support interactions cause a reverse down-shift by almost 1.0 eV to 70.8 

– 71.0 eV for the systems with very small Pt NPs on TiO2 supports, for PtUV, small/TiO2/GC 

model catalyst and the disperse Pt/TiO2 catalyst. 

(5) The electrochemical properties of the three Pt/TiO2/GC electrodes with large Pt NPs 

closely resemble those of polycrystalline Pt, with distinct features for Hupd adsorption / 

desorption and Pt oxidation / reduction in the CV separated by the double-layer regime. 

For PtUV, small/TiO2/GC these features are less pronounced and hardly visible, here the 

contribution of the GC substrate is dominant. The total amount of accessible Pt deposited, 

as given by the ECSA, increases in the order PtEC < PtUV, small < PtNP << PtUV, large under 

present deposition conditions. 

(5) The electrooxidation of pre-adsorbed COad reveals distinct particle size and metal–

support interaction effects. While on the three Pt/TiO2/GC model electrodes with large Pt 

NPs the reaction is characterized by a current maximum at about 0.70 V, identical with 

that on polycrystalline Pt, this is up-shifted to 0.78 V for the Pt/C catalyst (small Pt NPs) 

due to particle size effects. Additional metal–support for Pt nanoparticles supported on 

TiO2 interactions cause a counteracting down-shift by ~0.08 V to 0.70 V for the disperse 

Pt/TiO2 catalyst with similar size Pt nanoparticles. For the PtUV, small/TiO2/GC model 

catalyst with its very small Pt NPs distinct particle size effects, which are more 

significantly more pronounced than reported for Pt/C, cause the peak to up-shift again to 

0.86 V. 

(6) In the ORR performance of the Pt/TiO2/GC model electrodes, determined by the Pt 

surface area normalized kinetic current density, the differences are less pronounced. More 

obvious are distinct differences in the selectivity, which are at least partly attributed to 

transport effects resulting from the very different Pt ECSAs of the various model 

electrodes. These lead to considerable amounts of H2O2 formation, with the most 
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pronounced effect being obtained for the PtEC/TiO2/GC model electrode, which also 

shows the lowest ECSA. 

Overall, the results demonstrate the insight accessible from the use of such kind of titania 

film based model electrodes, which allow electrochemical and electrocatalytic 

measurements on model systems with proper particle sizes and metal–support 

interactions, while effects caused by insufficient electric conductivity can be avoided 
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6.5 Supplementary Data 

Background information on the electrodeposition of TiO2 films 

Electrodeposition of thin TiO2 films can be performed either via anodic deposition or via 

cathodic deposition. The first route is mainly based on the use of TiCl3 as 

precursor [380,391,392], whereas cathodic deposition proceeds via Ti4+ species, which 

are either generated by hydrolysis of TiCl3 [215,370] or delivered directly from 

TiCl4 [379] or TiOSO4 [214,371,372]. Both procedures, anodic and cathodic deposition, 

rely on the hydrolysis of the corresponding Ti(III) or Ti(IV) complexes to TiO(OH)2. In 

the present work we employed the cathodic deposition route for fabricating thin TiO2 films 

on a planar glassy carbon substrate. This method does not include a reduction or oxidation 

step of the Ti4+ species, but rather the reduction of the electrolyte anions, mostly nitrates.  
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Fig. 6-7 Potential dependent electrochemical reduction steps present during TiO2 deposition from a

 TiOSO4 precursor in H2O2 containing KNO3/HNO3 buffer electrolyte. 

 

This reduction step is accompanied by the formation of either dissolved OH− species or 

adsorbed OH species on the initial electrode. The reaction of the resulting OHad with Ti4+ 

species leads to adsorbed TiO(OH)2 species. Further growth of thicker titania films is 

possible, although the resulting hydroxylated TiO2 film increasingly lowers the nitrate 

reduction, and thus the OH−/OHad generation [215]. Finally, an anhydrous, crystalline 

TiO2 film is formed in a subsequent calcination step. 

The behavior of a glassy carbon electrode in the deposition electrolyte was studied step 

by step, focusing on the single nitrate reduction steps, by using either a pure nitrate buffer 

(Fig. 6-8, black line / squares), the buffer solution with peroxide added (Fig. 6-8, red line 

/ open triangles), or the complete deposition solution, which also contains the titanium 

precursor Ti-oxysulfate (Fig. 6-8, blue line / open circles). Since the oxidation state of 

titanium does not change during the whole cathodic film deposition process, the resulting 

reduction currents can be related to the above mentioned nitrate reduction process and the 

simultaneous hydroxylation of a Ti(IV)-peroxo complex, formed with H2O2, as indicated 
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in the reaction scheme in Fig. 6-7 (step 4 to 6, 8 and 9). The cyclic voltammogram, 

recorded in the nitrate buffer electrolyte without the addition of both H2O2 and TiOSO4 

(Fig. 6-8, black line / squares), demonstrates that the change in acidity and the generation 

of OH- due to the reduction of NO3
− at the electrode surface take place at different cathodic 

potentials [393–395]. The first reduction step of NO3
−, accompanied by H2O production, 

starts at about −0.70 V and reaches its peak maximum at −1.15 V. This is followed by the 

reduction of the nitrite formed in the previous step to N2 at around −1.40 V, which also 

generates the hydroxide (Fig. 6-7, step 5) necessary for the formation of the TiO(OH)2 

precursor. Both reduction maxima appear at lower potentials than reported in the literature 

for deposition on metal electrodes [374–376].  

 

 

Fig. 6-8 Current response (geometric electrode surface area normalized current density) of a glassy

 carbon electrode in KNO3/HNO3 buffer electrolyte (black line + squares), with H2O2 addition

 (red line + triangles) and with TiOSO4 addition (blue line + circles); inset emphasizes the low

 current region (10 mV s-1, positive- and negative-going scan indicated by an arrow). 
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Fig. 6-9 Current response (geometric electrode surface area normalized current density) of a glassy carbon 

electrode in K2SO4/H2SO4 buffer electrolyte (grey dashed line), with NO3
- addition (black line + 

square) and with NO3
− + H2O2 addition (red line + triangles); 10 mV s−1 (potential scan direction 

indicated by an arrow). 

 

This can be related to the different working electrode material on the one hand, and /or to 

a high coverage of strongly adsorbing nitrate species, which can lead to higher kinetic 

hindrances of the reduction processes [396,397], on the other hand. In the positive-going 

scan, starting with a nitrate free surface, the reduction peak (peak maximum) appears at 

−1.00 V, displaying a slightly lower overpotential than obtained in the cathodic run. The 

lower overpotential reflects faster reduction kinetics, most likely due to the absence of 

strongly adsorbed species. This interpretation was confirmed by a similar measurement 

performed in less strongly adsorbing sulfate electrolyte at the same pH of 1.4 with a lower 

nitrate concentration (Fig. 6-9). Here, faster kinetics were illustrated by an almost 500 mV 

lower overpotential for the nitrate reduction onset in the cathodic potential direction, as 

well as by a more pronounced reduction signal and a steeper negative increase in current 

density. Adding peroxide into the electrolyte mixture (Fig. 6-8, red line / open triangles), 

another side reaction (Fig. 6-7, step 3) starts at −0.30 V, namely the reduction of H2O2 to 
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H2O. Importantly, the progress of this reaction is superimposed with the first nitrate 

reduction step. Upon addition of H2O2 the nitrite reduction feature at -1.40 V vanishes 

completely, and the H2 evolution from H2O becomes dominant. Adding the Ti-salt does 

not cause any significant change in the voltammogram compared to the previous one (Fig. 

6-8, blue line / open circles), which confirms the above statement that no electrochemical 

reduction or oxidation of the Ti4+ species takes place during the cathodic deposition of 

TiO2. Only a slight positive potential shift of the reduction onsets and maxima of about 

0.04 V appears, which indicates a pH change in the electrode vicinity. 

 

Fig. 6-10 Current responses (geometric electrode surface area normalized current density) of a glassy 

carbon electrode in the TiO2 deposition electrolyte with different cathodic potential limits; 

10 mV s−1, anodic and cathodic potential direction as indicated in the figure. 
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On the contrary to the bright field TEM measurements described and shown above 

(sections 2.2.7 and 5), the following images were gained using a JEOL 1200 instrument. 

 

a) 
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Fig. 6-11 TEM, SEM images and particle size distribution (PtUV,small/TiO2/GC from TEM, others from SEM 

images) of Pt nanoparticles: a) unsupported (top), on Vulcan XC72 (middle) and disperse TiO2 

(bottom); b) electrochemically deposited (top) and photo-assisted large NPs (middle) and small 

NPs (bottom) on TiO2/GC. 

 

b) 
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Fig. 6-12 COad oxidation mass spectrometric current responses (Pt geometric surface area normalized 

current density) of the Pt/TiO2/GC electrodes compared with the corresponding Pt/C or Pt/GC 

electrodes; dashed lines indicate oxidation peak maximum 10 mV s−1, N2-sat. 0.5 M H2SO4. 
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Fig. 6-13 ORR characteristics of two sets of different Pt/TiO2/GC model catalysts and the TiO2-free

 analogues (PtEC/GC, PtNP/GC) as indicated in the figure in a dual thin layer flow cell. Current

 densities normalized to the geometric surface area showing (a) the generator signal, (b) the

 collector signal, and (c) the calculated H2O2 yield; O2-sat. 0.5 M H2SO4, flow rate 10 µL s-1,

 10 mV s-1.  
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7 Summary 
 

Model studies of metal oxide materials as PEMFC cathode catalysts or catalyst support, 

specifically on the oxygen reduction reaction (OER) activity and selectivity and the 

simulated accelerated degradation tests on these novel materials, were in the focus of this 

thesis. In particular, the improvement of the cost-efficiency of the cathode in terms of 

decreasing the amount of Pt, up to the complete replacement, leading to the so called Pt-

free catalysts, as well as an increased degradation stability and thus the prolongation of 

the electrode and catalyst lifetime via the use of alternative non-corrosive support 

materials, were addressed. Both tasks were pursued by the application of TiO2 based 

materials as the catalyst support or even as active catalyst itself. For improving the low 

electrical conductivity of the oxides, modifications via non-metal doping and the synthesis 

of carbon composites were applied and developed further in cooperation with the group 

of Prof. N. Hüsing at Salzburg University, Institute of Materials Chemistry. Moreover, 

high-temperature nitrogen modified titania materials were also investigated with respect 

to their applicability in water electrolysis, focusing on the electrode and catalyst stability 

in the potential region of the ORR reverse reaction, the oxygen evolution reaction (OER). 

The studies in this thesis, described in the four chapters 3 to 6, were motivated by the 

following issues: 

(1)  Development of Pt free, corrosion resistant oxygen reduction reaction catalysts via 

facile synthesis routes. 

(2)  Investigation of Ti-oxynitride electrodes with varied amounts of incorporated 

nitrogen and their electrochemical bahvior in the high potential region of the oxygen 

evolution reaction. 

(3)  Assessment of the applicability of pure and modified titania materials as support 

materials for low Pt amount catalysts, as well as the determination of begining of life 

(BOL) state. 
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(4)  Application of operation simulating accelerated degradation test protocols regarding 

the automotive industry standards for mobile fuel cell application, as well as the 

determination of end of life (EOL). 

(5)  Impact of the metal–oxide interaction in terms of a metal‒support inteaction on the 

catalytic activity, in particular for the ORR. 

The main tool for electrochemical as well as electrocatalytic model studies were the 

hydrodynamic voltammetric measurements in the rotating ring disk electrode (RRDE) and 

the dual thin-layer flow cell setup, applying well defined mass transport conditions and 

using thin film electrodes. The latter setup allowed the combination with a mass 

spectrometer in situ detection of volatile products. In addition, extensive ex situ 

characterization of as-prepared materials and after electrochemical treatment was 

performed. In particular, X-ray diffraction (XRD), nitrogen sorption analysis (BET-BJH 

analysis), simultaneous thermal analysis (STA), elemental analysis (CHN and ICP-OES), 

X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM) were applied. 

(1)  To develop non-Pt catalysts with a high corrosion resistance, being one of the major 

drawbacks for conventional high surface area carbon supports for the ORR catalysts, N- 

and C-modified titania-based materials were fabricated employing an aqueous sol-gel 

process with addition of urea as a carbon and nitrogen source in the follow-up calcination. 

The incorporation of C and N, which strongly depended on a calcination step parameters, 

led to an enhanced ORR activity compared to pure TiO2 and comparable materials 

reported in literature. The increased ORR activity was mainly reflected by a decreased 

overpotential for the ORR rather than a sufficiently increased current density in the RRDE 

configuration, which is mainly related to the poor electric conductivity of the TiO2-based 

materials. A complementary study of TiO2-based catalysts in hydrogen peroxide 

containing supporting electrolyte confirmed their electrocatalytic activity to further reduce 

the undesired ORR by-product H2O2 to water at lower potentials, or to oxidize H2O2 to O2 

at higher potentials This could be beneficial for the Pt particle support materials (see 
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further, item 3) since, in addition to their own corrosion durability, this will lower the 

hydrogen peroxide yields in the ORR, and could prevent the other fuel cell components, 

such as polymer electrolyte membrane, from the attacking by hydrogen peroxide. A 

detailed XPS analysis allowed for relating the electrocatalytic performance and the N and 

C species present at the surface. Particularly, the variation of applied calcination 

temperatures led to the differences in O–C, O–N and Ti–N content sites on the surface, 

where especially the O‒N contribution, which was mainly found between 175 and 275°C, 

correlates with an increased ORR activity for these catalysts. However, the nitrogen 

incorporation via this synthesis route was limited, and almost no enhancement in electrical 

conductivity was reached, indicating the necessity for a more efficient nitridation 

approach. 

(2)  The nitrogen modification of titania at high temperatures in ammonia atmosphere at 

different reaction temperatures and NH3 flow rates results in various Ti-oxynitrides with 

a broad pool of bulk and surface compositions. Consequently, the electrochemical 

properties in oxygen evolution reaction differed significantly. Since the bulk of the 

catalysts was almost completely or at least dominantly TiN, the electric conductivity issue 

mentioned above was now negligible. However, the exposure of these materials at high 

potentials in oxygen evolution led to an irreversible oxidation, starting at about 1.20 V 

and leading to a maximum at 1.60 V in the first potentiodynamic run, rather than to the 

desired formation of O2, which was confirmed via combined thin layer flow cell and 

online mass spectrometer measurements. This demonstrates on the one hand the 

importance of the online analysis of the expected O2 formation via the mass spectrometry, 

which indicated no detectable molecular oxygen signal up to about 2.00 V. On the other 

hand this clearly addresses the stability issues of oxynitrides in a high potential region 

which need to be considered for the tentative electrocatalysts in the oxygen evolution 

reaction. This is also true in the case that these materials are used as support for Pt 

catalysts. 

(3)  As discussed above, the low nitrogen modification of TiO2 by urea was not enhancing 

the conductivity compared to pure TiO2 (see item 1) while a high nitride level reached via 
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the high temperature route in ammonia atmosphere increased the conductivity 

significantly, but led to an irreversible surface oxidation (see item 2). Since the materials 

of the first synthesis route showed an electrocatalytic activity for H2O2, their applicability 

as Pt support materials, after a further modification with a highly conductive thin carbon 

film, was assessed. The Pt nanoparticle formation via a well-reproducible polyol method 

and subsequent deposition of the Pt colloids onto the different support materials led to the 

ORR catalysts possessing significantly different activities. Here, the stepwise 

modification starting with the pure oxide, followed by doping with nitrogen and finally 

covering TiOxNy with a thin film of carbon increased the ORR performance progressively, 

where the use of the latter support material resulted in even higher activities compared to 

commonly used Pt/C. A slight modification of the synthesis route applied for oxynitride 

materials with a low nitrogen incorporation, by adding a structure directing surfactant, a 

polyether (P123), allowed the in situ carbon thin film deposition via pyrolysis of the 

chemical added. This carbon-metal oxide composite support for Pt particles of about 1.7 

nm, led to the most promising catalyst among those studied in the thesis. The ORR 

activities (mass and active surface area normalized) exceeded the ones of a corresponding 

carbon supported catalyst by a factor of 1.5. Additionally, the decrease in H2O2 yield to 

less than 1% compared to about 2% for Pt/C was found, which could be partly related to 

the activity of the support material itself in peroxide oxidation / reduction (see item 1). 

For the Pt catalysts supported on pure TiO2 and its N-,C- modified derivative, the Pt 

loading of about 8 wt.% and the poor electric conductivity led correspondingly to lower 

activities. The Pt mass activity was ten times lower than that for Pt/C reference catalyst 

and the peroxide yields were, considering the above reported results, higher than expected 

at about 17 and 9%, respectively. However, the specific activity was much higher than 

that for the carbon supported catalyst, which is tentatively attributed to an activity increase 

due to metal‒support interaction. 

(4)  Another important criterion for the efficient cathode catalysts is their stability and 

durability, as described in detail in the introduction (chapter 1) as well as in chapter 5.3.4. 

Regarding the standards set for automotive application, two kinds of accelerated 
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degradation test (ADT) protocols, simulating driving operation (TWC) or start-stop 

behavior (SWC), were applied for the most promising catalyst Pt/C/TiOxNyCz, described 

in the previous section, and compared to similar Pt nanoparticles loaded onto a 

conventional Vulcan XC-72 high surface area carbon support. The composite-supported 

Pt catalyst showed an increased electrode stability in both accelerated degradation tests 

compared to that for Pt/C reference catalyst. Considering the TEM analysis after the ADT, 

as additional tool for end of life (EOL) characterization, the loss in electrochemical active 

surface area (ECSA) is mainly due to an increase in particle size of about 30% for TWC 

and 50% for SWC. An increased number of particle agglomerates was not observed. 

However, the catalytic performance of Pt/C/TiOxNyCz is almost the same as that of Pt/C 

after TWC, but dropped below the one of Pt/C after 10,000 start-stop cycles of SWC. For 

the second ADT protocol higher potentials are applied, which leads next to the Pt 

nanoparticle growth and dissolution, to carbon support corrosion, and an increasing 

particle detachment as main reasons for Pt/C catalyst degradation. For the composite-

supported Pt catalysts this carbon corrosion is assumed to be much lower und thus enables 

the Pt dissolution more easily, which most probably led to the more pronounced decrease 

in catalytic behavior of Pt/C/TiOxNyCz compared to Pt/C. Consequently, the usually used 

carbon support is acting unintentionally as a sacrificial material to protect Pt from the 

effective dissolution resulting from Pt surface and in particular, sub-surface oxidation, 

followed by the reduction in the ATD tests. However, as a consequence this leads to the 

Pt nanoparticle detachment, and thus the loss of the electrical contact to the conductive 

support, being electrochemically no more accessible. This idea has, however, to be 

confirmed in further studies on the Pt catalyzed carbon corrosion and Pt dissolution rates 

for Pt/C compared to Pt/TiO2, Pt/composite and Pt/TiO2 mixed with high surface carbon. 

(5)  As indicated in item (3), the use of the TiOx-based materials (pure TiO2, N, C 

modified and carbon covered) as a support for Pt nanoparticles led to an enhancement in 

the specific and the kinetic activity, which can mainly be attributed to the interaction 

between metal and oxide support. In this thesis the assumed effect of this interaction, 

reflected to the ORR performance, was assessed mainly via the Pt(4f) XP spectra. Here, 
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the binding energy of the Pt0 species was identified at about 1.0 eV lower energy for Pt 

nanoparticles supported on TiO2 compared to Pt nanoparticles on carbon support. This 

lowered binding energy is related to a local transfer of electron density from titania to the 

metal. To gain further insight, well-defined Pt/TiO2 model electrodes were synthesized 

via electrodeposition of a titania film on a glassy carbon substrate, which was 

subsequently decorated with Pt nanoparticles via different deposition methods, aiming to 

modify the metal‒support interaction. While the pre-formed Pt nanoparticles are randomly 

loaded on the oxidic support, the alternative methods employed for electrochemical or 

photocatalytic deposition of Pt particles ensure a selective nucleation and growth of Pt at 

the electrically conductive sites. Employing this approach, we demonstrated the influence 

of the oxide layer on the metal particle. Moreover, the thin TiO2-film enabled sufficient 

conductivity, in contrast to a realistic disperse Pt/TiO2 catalyst, which plays a main role 

during electrochemical / -catalytic measurements. However, it has to be mentioned that 

the various Pt deposition methods led to either rather big particles or particle agglomerates 

(electrodeposition, pre-formed Pt nanoparticles), or to small particles (photocatalytic 

deposition), where latter possess a similar size as the disperse Pt/C and Pt/TiO2 (pre-

formed Pt nanoparticles). Here, the larger particles showed a Pt bulk-like behavior and 

only the smaller particles, prepared via photocatalytic deposition, which exclusively takes 

place at conductive TiO2 sites, were appropriate to more clearly assess the metal | support 

interactions. This, however, also includes the additional effect of the particle size, which 

could not be neglected. 

First of all, the shift in Pt(4f) binding energy, which was observed for the disperse Pt/TiO2 

catalyst was confirmed on the model electrodes with the small PtUV particles, indicating a 

similar electronic state of the Pt nanoparticle surface for both catalysts, which allowed for 

a direct comparison with the results in the electrochemical / -catalytic measurements. For 

the oxidation of a pre-adsorbed COad layer, the realistic disperse Pt/C catalyst showed a 

distinct particle size effect since the oxidation onset potential shifts up by almost 0.1 V 

compared to bulk Pt (0.69 V). However, for a disperse Pt/TiO2 catalyst a downshift of the 

oxidation potential to a value comparable to Pt bulk electrode occurred, which was already 
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reported in the literature and related to the metal‒support interaction, although the low 

conductivity of this catalyst was known. For the PtUV/TiO2 model electrode with a 

significantly higher electric conductivity, however, this behavior was not observed, 

instead, a significant positive shift in oxidation potential to about 0.87 V, which is in the 

opposite direction compared to the mentioned disperse Pt/TiO2 electrode, was found. This 

was attributed to a more pronounced particle size effect, enhanced by the oxide support, 

most likely negatively affecting the formation of OHad species, which are necessary for 

the oxidation of COad. For the oxygen reduction reaction measurements the support effects 

are less pronounced as those for the COad electrooxidation. In particular, the differences 

in Pt loading, particle size and distribution play the dominant role for both the ORR 

activity, even after normalizing to the Pt surface area (kinetic activity), and the selectivity, 

being difficult to deconvolute individual contributions of these effects. The increased 

catalytic activity due to the metal–oxide interaction has to be studied in more detail, 

disentangling the effects caused by the oxide-based support materials – oxide, doped oxide 

and composites – and the metal particle size. At this point a general explanation does not 

seem to be possible.  

The last paragraph of this summary emphasizes the modified electronic state of a metal 

nanoparticle, here Pt, which originates from the metal–oxide interaction, following the 

observations and assumptions of various studies on metal–support interactions. The 

observation of an up-shift in COad oxidation potential for a model electrode with small 

photodeposited Pt nanoparticles on TiO2, which is in contrast to the results on disperse 

Pt/TiO2 or Pt on other oxide support materials, shows the importance of further 

understanding of this interaction. Moreover, modification of the oxide support via foreign 

atom doping has an additional influence on the physical properties of the oxide-based 

support and thus on the deposited catalytically active metal. Further modification via 

subsequent addition of carbon to the system, e.g., the use of composite materials as support 

for Pt nanoparticle catalysts, without the lack of electrical conductivity present for the 

carbon-free oxides and a remaining Pt-TiOx interaction could enhance the electrocatalytic 

performance significantly. Therefore, next to the enhanced catalyst stability, enabled by 
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the oxide-based support materials, the increased catalyst efficiency, generated by the 

metal–oxide interaction, has to be studied in more detail, determining individually all 

effects caused by the oxide-based support materials – oxide, doped oxide and composite – 

and the metal particle size. At this point a general explanation does not seem to be 

possible. 

In summary, the results gained in this thesis led in addition to investigations on single 

crystal electrodes to a first systematic and comprehensive picture of the electrochemical 

properties and electrocatalytic performance of titania based materials, focusing on the 

oxygen reduction reaction and the interaction with hydrogen peroxide. This is particularly 

true when assessing the promising applicability as cathode catalyst in automotive fuel cell 

systems. Next to the use as Pt-free ORR catalysts, the application as support material for 

Pt nanoparticles led to an increase in ORR activity compared to the common carbon 

supported Pt catalyst. This benefits from the interaction between metal and oxide support. 

Moreover, the corrosion resistance of these support materials resulted in enhanced catalyst 

stability. Nevertheless, the low electrical conductivity of these materials remains an 

important issue for further research. The approach applied here, including in situ 

fabrication of a carbon layer on the oxide material resulted in promising activity 

enhancement of low Pt loaded cathode catalysts, identifying carbon–oxide composites, 

carbon layer on oxide or oxide layer on carbon, as the upcoming alternative Pt support 

materials, which combine activity and stability enhancement simultaneously.  
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Rossmeisl, T. Bligaard, H. Jónsson, J.K. Nørskov, J. Phys. Chem. C 114 (2010) 

18182–18197. 

[14] S. Mukerjee, J. McBreen, J. Electrochem. Soc. 143 (1996) 2285. 

[15] Y. Sun, Y. Dai, Y. Liu, S. Chen, Phys. Chem. Chem. Phys. 14 (2012) 2278. 

[16] J.X. Wang, T.E. Springer, R.R. Adzic, J. Electrochem. Soc. 153 (2006) A1732. 

[17] B.E. Conway, B. V. Tilak, Electrochim. Acta 47 (2002) 3571–3594. 

[18] J.K. Nørskov, T. Bligaard, A. Logadottir, J.R. Kitchin, J.G. Chen, S. Pandelov, U. 

Stimming, J. Electrochem. Soc. 152 (2005) J23. 

[19] Z. Tianhou, A.B. Anderson, J. Phys. Chem. C 111 (2007) 8644–8648. 

[20] M.W. Breiter, in:, W. Vielstich, H.A. Gasteiger, A. Lamm (Eds.), Handb. Fuel 



198  

 

Cells Vol. 2 Electrocatal., Wiley, Chichester, 2003, pp. 361–367. 

[21] H.A. Gasteiger, N.M. Markovic, P.N. Ross, J. Phys. Chem. 99 (1995) 8290–8301. 

[22] B. Du, R. Pollard, J. Elter, M. Ramani, in:, F. Büchi, M. Inaba, T. Schmidt (Eds.), 

Polym. Electrolyte Fuel Cell Durab., Springer New York, 2009, pp. 341–366. 

[23] T.J. Schmidt, H.A. Gasteiger, R.J. Behm, J. Electrochem. Soc. 146 (1999) 1296. 

[24] T. Kaltschmitt, O. Deutschmann, Fuel Processing for Fuel Cells, 1st ed., Elsevier 

Inc., 2012. 

[25] M. Watanabe, S. Motoo, J. Electroanal. Chem. Interfacial Electrochem. 61 (1975) 

147–153. 

[26] H. Oetjen, V.M. Schmidt, U. Stimming, F. Trila, J. Electrochem. Soc. 143 (1996) 

3838–3842. 

[27] Z. Jusys, J. Kaiser, R.J. Behm, Phys. Chem. Chem. Phys. 3 (2001) 4650–4660. 

[28] J. Kaiser, L. Colmenares, Z. Jusys, R. Mortel, H. Bonnemann, G. Kohl, H. 

Modrow, J. Hormes, R.J. Behm, Fuel Cells 6 (2006) 190–202. 

[29] M. Watanabe, H. Igarashi, T. Fujino, Electrochemistry 67 (1999) 1194–1196. 

[30] A. Taniguchi, T. Akita, K. Yasuda, Y. Miyazaki, Int. J. Hydrogen Energy 33 

(2008) 2323–2329. 

[31] C.A. Reiser, L. Bregoli, T.W. Patterson, J.S. Yi, J.D. Yang, M.L. Perry, T.D. 

Jarvi, Electrochem. Solid-State Lett. 8 (2005) A273. 

[32] P. Yu, W. Gu, J. Zhang, R. Makharia, F. Wagner, H.A. Gasteiger, in:, F.N. Büchi, 

M. Inaba, T.J. Schmidt (Eds.), Polym. Electrolyte Fuel Cell Durab., Springer 

Science, New York, 2009, pp. 29–53. 

[33] I.C. Halalay, S. Swathirajan, M.P. Balogh, G.C. Garabedian, M.K. Carpenter, B. 

Merzougui, J. Electrochem. Soc. 158 (2011) B313–B321. 

[34] J.K. Nørskov, J. Rossmeisl, A. Logadottir, L. Lindqvist, J.R. Kitchin, T. Bligaard, 

H. Jónsson, J. Phys. Chem. B 108 (2004) 17886–17892. 

[35] M.D. Maciá, J.M. Campiña, E. Herrero, J.M. Feliu, J. Electroanal. Chem. 564 

(2004) 141–150. 

[36] V. Viswanathan, H.A. Hansen, J. Rossmeisl, J.K. Nørskov, ACS Catal. 2 (2012) 

1654–1660. 

[37] A.B. Anderson, R. Jinnouchi, J. Uddin, J. Phys. Chem. C 117 (2013) 41–48. 

[38] Nenad M. Markovic, H.A. Gasteiger, P.N. Ross, J. Phys. Chem. 99 (1995) 3411. 



 199  

 

[39] B.N. Grgur, N.M. Markovic, P.N. Ross, Can. J. Chem. 75 (1997) 1465–1471. 

[40] Y. Wang, P.B. Balbuena, J. Phys. Chem. B (2004) 4376–4384. 

[41] M.J. Janik, C.D. Taylor, M. Neurock, J. Electrochem. Soc. 156 (2009) B126. 

[42] T. Jacob, Fuel Cells 6 (2006) 159–181. 

[43] J.A. Keith, T. Jacob, Angew. Chemie 122 (2010) 9711–9716. 

[44] Y. Jiao, Y. Zheng, M. Jaroniec, S.Z. Qiao, Chem. Soc. Rev. 44 (2015) 2060–

2086. 

[45] A. Damjanovic, M.A. Genshaw, O.M. Bockris, J. Electrochem. Soc. 114 (1967) 

466–472. 

[46] I.C. Man, H.-Y. Su, F. Calle-Vallejo, H.A. Hansen, J.I. Martínez, N.G. Inoglu, J. 

Kitchin, T.F. Jaramillo, J.K. Nørskov, J. Rossmeisl, ChemCatChem 3 (2011) 

1159–1165. 

[47] J. Bockris, T. Otagawa, J. Electrochem. Soc. 131 (1984) 290–302. 

[48] C.C.L. McCrory, S. Jung, J.C. Peters, T.F. Jaramillo, J. Am. Chem. Soc. 135 

(2013) 16977–87. 

[49] H.S. Wroblowa, Yen-Chi-Pan, G. Razumney, J. Electroanal. Chem. Interfacial 

Electrochem. 69 (1976) 195–201. 

[50] A. Schlapka, M. Lischka, A. Gross, U. Käsberger, P. Jakob, Phys. Rev. Lett. 91 

(2003) 016101. 

[51] I.E.L. Stephens, A.S. Bondarenko, F.J. Perez-Alonso, F. Calle-Vallejo, L. Bech, 

T.P. Johansson, A.K. Jepsen, R. Frydendal, B.P. Knudsen, J. Rossmeisl, I. 

Chorkendorff, J. Am. Chem. Soc. 133 (2011) 5485–5491. 

[52] B. Hammer, J.K. Nørskov, Surf. Sci. 343 (1995) 211–220. 

[53] T. Toda, H. Igarashi, H. Uchida, M. Watanabe, J. Electrochem. Soc. 146 (1999) 

3750–3756. 

[54] V. Stamenkovic, B.S. Mun, K.J.J. Mayrhofer, P.N. Ross, N.M. Markovic, J. 

Rossmeisl, J. Greeley, J.K. Nørskov, Angew. Chemie - Int. Ed. 45 (2006) 2897–

2901. 

[55] J. Greeley, I.E.L. Stephens, A.S. Bondarenko, T.P. Johansson, H.A. Hansen, T.F. 

Jaramillo, J. Rossmeisl, I. Chorkendorff, J.K. Nørskov, Nat. Chem. 1 (2009) 552–

556. 

[56] V. Stamenković, T.J. Schmidt, P.N. Ross, N.M. Marković, J. Phys. Chem. B 106 



200  

 

(2002) 11970–11979. 

[57] J. Zhang, M.B. Vukmirovic, Y. Xu, M. Mavrikakis, R.R. Adzic, Angew. Chemie 

- Int. Ed. 44 (2005) 2132–2135. 

[58] S. Mukerjee, S. Srinivasan, M.P. Soriaga, J. McBreen, J. Phys. Chem. 99 (1995) 

4577–4589. 

[59] U.A. Paulus, A. Wokaun, G.G. Scherer, J. Phys. Chem. B 106 (2002) 4181–4191. 

[60] E. Antolini, J. Salgado, M. Giz, E. Gonzalez, Int. J. Hydrogen Energy 30 (2005) 

1213–1220. 
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[341] S.L. Gojković, S.K. Zeinevic, R.F. Savinell, J. Electrochem. Soc. 145 (1998) 

3713. 

[342] H. Angerstein-Kozlowska, B.E. Conway, W.B. a. Sharp, J. Electroanal. Chem. 

Interfacial Electrochem. 43 (1973) 9–36. 

[343] J. Clavilier, A. Rodes, K. El Achi, M.A. Zamakchari, J.Chim.Phys. 88 (1991) 

1291–1337. 

[344] T.J. Schmidt, H.A. Gasteiger, G.D. Stäb, P.M. Urban, D.M. Kolb, R.J. Behm, J. 

Electrochem. Soc. 145 (1998) 2354–2358. 

[345] A. Schneider, L.C. Colmenares, Y.E. Seidel, Z. Jusys, B. Wickman, B. Kasemo, 

R.J. Behm, Phys. Chem. Chem. Phys. 10 (2008) 1931–1943. 

[346] F. Maillard, M. Martin, F. Gloaguen, J.M. Léger, Electrochim. Acta 47 (2002) 

3431–3440. 

[347] J. Ma, A. Habrioux, N. Alonso-Vante, J. Solid State Electrochem. 17 (2013) 

1913–1921. 

[348] M. Peuckert, T. Yoneda, D. Betta, M. Boudar, J. Electrochem. Soc. 133 (1986) 

944. 

[349] Y.E. Seidel, A. Schneider, Z. Jusys, B. Wickman, B. Kasemo, R.J. Behm, 

Faraday Discuss. 140 (2009) 167–184. 

[350] T. Binninger, E. Fabbri, R. Kotz, T.J. Schmidt, J. Electrochem. Soc. 161 (2013) 

H121–H128. 

[351] F. Ettingshausen, J. Kleemann, A. Marcu, G. Toth, H. Fuess, C. Roth, Fuel Cells 

11 (2011) 238–245. 

[352] B. Wang, X. Xiao, P. Sheng, J. Vac. Sci. Technol. B 18 (2000) 2351–2358. 

[353] S. Singh, J. Datta, J. Mater. Sci. 45 (2010) 3030–3040. 

[354] Y. Wang, J. Liu, L. Liu, D.D. Sun, Nanoscale Res. Lett. 6 (2011) 241. 



216  

 

[355] S. Bakardjieva, V. Stengl, L. Szatmary, J. Subrt, J. Lukac, N. Murafa, D. 

Niznansky, K. Cizek, J. Jirkovsky, N. Petrova, J. Mater. Chem. 16 (2006) 1709. 

[356] R.L. Vander Wal, A.J. Tomasek, M.I. Pamphlet, C.D. Taylor, W.K. Thompson, J. 

Nanoparticle Res. 6 (2004) 555. 

[357] W.N.W. Salleh, A.F. Ismail, AIChE J. 58 (2012) 3167–3175. 

[358] C. Gebauer, D. Hoffmann, Z. Jusys, R.J. Behm, ChemElectroChem (2016) 

10.1002/celc.201600218. 

[359] B.E. Hayden, D. Pletcher, J.-P. Suchsland, L.J. Williams, Phys. Chem. Chem. 

Phys. 11 (2009) 1564–1570. 

[360] Y.-C. Nah, I. Paramasivam, P. Schmuki, Chemphyschem 11 (2010) 2698–2713. 

[361] R.E. Fuentes, B.L. García, J.W. Weidner, J. Electrochem. Soc. 158 (2011) B461. 

[362] F. Spadavecchia, G. Cappelletti, S. Ardizzone, M. Ceotto, L. Falciola, J. Phys. 

Chem. C 115 (2011) 6381–6391. 

[363] F. Shi, L.R. Baker, A. Hervier, G. a. Somorjai, K. Komvopoulos, Nano Lett. 13 

(2013) 4469–4474. 

[364] Z. Ding, X. Hu, P. Yue, G. Lu, P. Greenfield, Catal. Today 68 (2001) 173–182. 

[365] B.E. Hayden, D. V. Malevich, D. Pletcher, Electrochem. Commun. 3 (2001) 395–

399. 

[366] F. Gloaguen, J. Leger, C. Lamy, Electrochim. … 44 (1999) 1805–1816. 

[367] A. Savouchkina, A. Foelske-Schmitz, G.G. Scherer, A. Wokaun, R. Kötz, J. 
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