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Introduction

1 Introduction

The critically important transition to a greenhouse gas neutral energy system to mitigate

climate change is not a one-step process. Renewable energy technologies need to be gradually

integrated into present and future grid systems to make a sustainable turnaround possible.

Developing an efficient and flexible interplay between various energy conversion devices and

energy storage devices is the most promising approach to this unprecedented task1 . As the

generation of electrical energy is expected to become more decentralized in the future, the

electrical grid needs a higher tolerance toward fluctuations. Load balancing technologies, also

known as peak-shaving technologies, can store energy and buffer the grid. They are critical for

a grid powered mainly by renewable energy sources, where peak electricity generation fluctuates

strongly during the day and night cycle. In the following, one off-the-grid energy conversion

device, the polymer electrolyte membrane fuel cell (PEMFC), and one grid-buffering energy

storage device, the redox flow battery (RFB), are briefly outlined.

The PEMFC constitutes a promising zero-emission energy conversion device, the prominence

of which has been further elevated by recent trends in politics. These trends mostly aim for

the deployment of fuel cells in traffic and transport, but also in combined heat and power

(CHP) units for local energy storage in households. In 2018, the German government passed

a law about favoritism of all-electric vehicles to increase public awareness and to facilitate fuel

cell electric vehicles to enter the market2 . Further, the government continues to invest in the

establishment and expansion of a nation-wide hydrogen infrastructure for refueling stations

and household energy storage devices3 ,4 .

A PEMFC generates power by combining hydrogen and oxygen in an electrochemical reaction,

which forms water as the only by-product. It converts the chemical energy released by the fuel

gases to generate electricity. PEMFC systems are compact and exhibit a high energy density,

which qualifies them for mobile applications, especially in the automotive sector. The PEMFC

employs a proton-conducting membrane, typically Nafion R©, and a platinum-based catalyst on

a carbon support. This so-called membrane electrode assembly currently exhibits some hurdles

which prevent the widespread commercialization of PEMFCs. The Nafion membrane requires

a constantly hydrated fuel stream to retain a high proton conductivity5 . The removal of liquid

water produced by the chemical reaction and floods the catalyst at high current operation,

necessitates a complex water management6–10 . The system typically operates at 80 ◦C, a

temperature at which the platinum catalyst is vulnerable to impurities in the gas stream11 .

The complicated water management and the cost of highly purified hydrogen increase the

cost of operation and decrease the efficiency of these systems. These are the main challenges

before a widespread competitive entry into the market is possible12 .
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One approach to avoid the disadvantages, as mentioned above, is to operate the fuel cell above

100 ◦C. At these temperatures, the product water evaporates and cannot flood the catalyst

layer of the cell. This causes an absence of the high current voltage drop-off and significantly

reduces the system complexity, as it removes the need for an external humidifier13 ,14 . Further,

potentially higher reaction kinetics15 and a higher tolerance toward impurities in the gas stream

of up to 3% carbon monoxide (CO)16 facilitate the operation of the so-called high-temperature

PEMFC (HT-PEMFC). It typically operates between 140 ◦C and 180 ◦C17 . The higher operat-

ing temperature makes cooling more efficient18 and, away from mobile applications, allows the

HT-PEMFC to be used in CHP units with an overall electric efficiency of over 90%19 ,20 . In a

CHP system, the fuel cell can be operated on a gas mixture obtained by methane reformation.

Thus, pre-existing natural gas infrastructure can be used. The cost of hydrogen which does

not need to undergo an expensive purification process, is lower. Therefore, CHP units are

expected to reduce the energy cost of a standard household by up to 30%21 and HT-PEMFCs

can find their niche in stationary, high-efficiency CHP systems with a lower power density

rather than in mobile and automotive applications.

A much broader field of application is available for RFBs. The parameters of an RFB system,

such as voltage, efficiency and energy density, are typically defined by choice of the elec-

trolyte22 ,23 . These specifications are rated differently depending on the desired application.

Prototypes of redox flow batteries are implemented in a broad domain. They range from

energy storage and power generation in smaller-scaled installations, such as refueling stations

and households, to larger on-site energy storage in photovoltaic parks or wind turbine parks23 .

The largest scale for RFB applications is in load-balancing power plants to reduce the stress

on the grid caused by fluctuating demand and power generation. The largest RFB system

currently under construction is planned to go into full operation in 2020 as part of the ”Hubei

Zaoyang Utility-scale Solar and Storage Integration Demonstration Project” and set to be

10 MW / 40 MWh upon completion24 .

The broad field of application points out one of the key features of an RFB system, namely its

flexibility. The power generation unit is decoupled from the capacity in this battery system,

which is typically not the case in other batteries. The liquid electrolyte carrying the active

species is stored in external tanks, the size of which determines the capacity of the battery.

The separation of anolyte and catholyte results in low capacity fading and long cycle life,

as up to 25 000 cycles can be achieved25 . The power generation unit is similar to that

of a PEMFC. It consists of porous electrodes, which are separated by a Nafion membrane.

However, the liquid electrolyte is continuously pumped through the electrodes during operation

and the reactions releasing the energy take place on the surface of the carbon fibers instead

of being catalyzed by platinum nanoparticles. The absence of platinum decreases the cost of
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the system significantly compared to PEMFCs. To date, the Nafion membrane is thought to

be the economic key component of a flow battery, as it is estimated to contribute up to 30%

to the total system costs26 . Further, the ancillary pumping losses decrease the overall system

efficiency due to the continuous flow of electrolyte during operation. This increases the cost

of operation of the system and needs to be improved before the RFB can leave the prototype

stage and a widespread implementation becomes economically feasible.

There are different kinds of flow battery systems, which mainly differ in choice of the liquid

electrolyte. The most prevalent forms are iron–chromium, polysulfide–bromide, zinc–cerium

and vanadium–vanadium (also known as all-vanadium)23 . The latter is the most common

choice, as the longevity of the vanadium electrolyte is not notably compromised by any cross-

contamination of electrolyte species. Thus, it is subject of this work. An all-vanadium RFB

(VRFB) is a rechargeable battery that stores and harvests energy by converting vanadium

species into different oxidation states. The charged states (V2+, V5+) are energetically less

favored than the discharged states (V3+, V4+) and the energy released by converting them to

the discharged species can be harvested as electricity. During operation, a liquid electrolyte

containing the active species is continuously pumped in a cycle from the external tanks through

the porous carbon electrodes, and back into the reservoir. Due to the continuous pumping, one

of the main challenges of the VRFB concerning the cell stack is to optimize the wetting behavior

between the carbon electrodes and the electrolyte. It directly influences the electrochemically

active surface area (ECSA) and, thus, the performance. Further, poor wetting can result in

higher flow resistance and impedes the pumping of the electrolyte through the porous electrode

and increases the pressure drop. This in turn raises the ancillary pumping loss and results in

overall lower system efficiency. Lastly, non-ideal wetting behavior can result in enclosed air

bubbles that create dead zones inside the electrode, which do not participate in the reaction and

decrease the performance. In addition, these dead zones are expected to be prone to corrosion

due to voltage spikes at the electrolyte-gas-carbon interphase. An optimized electrode exhibits

a thorough wetting at varying flow velocity and a low amount of trapped air inside the porous

electrode while maintaining a low pressure drop.
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The Goal of this Thesis

This thesis investigates the electrolyte distribution in porous electrodes of HT-PEMFCs and

VRFBs. Overall, the electrolyte distribution directly impacts the performance and the lifetime

of these systems, and therefore, the system efficiency. The analysis of both systems allows to

highlight the influence of various parameters on the electrolyte distribution in porous electrodes

and helps to develop an approach for optimization.

For HT-PEMFCs, it is essential to understand the distribution of phosphoric acid inside the

catalyst layer and to link it to the morphology of the carbon support. This task is achieved

by tailoring pre-existing characterization procedures of HT-PEMFCs to learn more about the

acid distribution and by coupling these methods with pore space characterization techniques.

Consequently, the electrode morphology is linked to the phosphoric acid distribution. For

the cell tests, single operation parameters are systematically varied and their impact on the

impedance of the fuel cell is investigated. The novel Distribution of Relaxation Times analysis

is applied to explain the observed response. Further, several types of catalysts with a differently

structured carbon support are employed to link the acid distribution to the performance of the

partially flooded catalyst layer.

For VRFBs, the distribution of the liquid vanadium electrolyte in porous carbon felt electrodes

is visualized using X-ray-based techniques. A specifically designed VRFB cell is employed at the

Canadian Light Source Inc. (CLS, Saskatoon, Canada) and the Karlsruhe Research Accelerator

(KARA, Karlsruhe, Germany). Porous carbon felts are injected with vanadium electrolyte and

simultaneously visualized via X-ray radiography and tomography to investigate the wetting

behavior and to image enclosed air bubbles. Thereby, various types of materials and operating

conditions were tested: heat-treated or pristine carbon felts, under potential control or not,

different compression ratios, electrolyte fluxes and flow field designs. The obtained data was

analyzed and implemented in models to understand the influence of these parameters on the

saturation and the pressure drop. Thus, the optimum operating conditions can be inferred.

To summarize, this work presents a systematic approach to link material characteristics and

external parameters to the electrolyte distribution inside porous electrodes. This approach

helps to develop porous materials with ideal flow properties. To achieve this goal is essential

for increasing system efficiency while reducing system costs and operation costs, which are

still too high for a competitive market entry.
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2 Fundamentals and State of the Art

As already mentioned in Chapter 1, both investigated electrochemical systems utilize porous

electrodes partially filled with electrolyte. The distribution inside the pore space is critical for

the performance and lifetime of the respective device. This chapter outlines the fundamentals

of this topic and provides an overview of previously conducted research in these fields. The

subjects of the publications of this thesis are mentioned briefly. The full list of publications,

a detailed overview of the topics and main results, as well as the manuscripts themselves, are

found in Chapter 4.

2.1 The High-Temperature Polymer Electrolyte Membrane Fuel Cell

An HT-PEMFC produces water from hydrogen and oxygen and thereby converts the released

chemical energy into electricity. At the anode, hydrogen is oxidized to protons and at the

cathode, oxygen is reduced to form water together with the protons and electrons from the

anode. The chemical reaction of the full cell highlights that the fuel cell creates water as the

only by-product of combining hydrogen and oxygen. Both the hydrogen oxidation reaction

(HOR) and the oxygen reduction reaction (ORR) are catalyzed by platinum nanoparticles.

Anode: H2 −→ 2H+ + 2e−

Cathode: 1
2
O2 + 2H+ + 2e− −→ H2O

Full cell: H2 + 1
2
O2 −→ H2O

The protons are created on the anode side and need to travel to the cathode. This process

occurs via a proton conducting membrane, typically a polybenzimidazole (PBI) membrane,

which will be explained in greater detail below. The electrons are conducted in an external

electrical circuit and provide the electricity, which can be harvested when operating a fuel cell.

Figure 1 shows a schematic of the fuel cell in operation.
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Figure 1: Schematic working principle of an HT-PEMFC. FF = flow field consisting of ribs (R)
and channels (C), GDL = gas diffusion layer, CL = catalyst layer, M = membrane.
On the right, a section of the catalyst layers close to the membrane is magnified
and the chemical reaction is displayed. The yellow glow around the catalyst particles
indicates the presence of phosphoric acid.

The HT-PEMFC exhibits a symmetrical and layered structure, from the outer flow fields (FF),

to the gas diffusion layer (GDL), the catalyst layer (CL) and the central proton-conducting

membrane, which separates the two half-cells. The gases are introduced into the system via

the flow fields. Hydrogen is pumped into the anode and oxygen or air into the cathode. On

their way to the CL, they pass through the porous GDL, which acts as a support for the

CL. The CL consists of platinum nanoparticles supported on a porous carbon support. The

chemical reaction occurs on the surface of the catalyst layer, as highlighted in the magnified

part of Figure 1. As the operating temperature exceeds 100 ◦C, the product water enters the

gas phase and exits the system through the cathode CL, the adjacent GDL and the flow field

channels.

Protons cannot be conducted in the gas phase, hence the presence of a proton-conducting

ionomer becomes necessary. Low proton conductivity and thermal decomposition at elevated

operating temperatures disqualify Nafion from application in an HT-PEMFC. Thus, liquid

phosphoric acid is the ionomer of choice, as it also conducts the protons within the PBI mem-

brane. This way, no additional component is introduced to the system and protons can travel

to the reaction sites inside the cathode. However, the presence of phosphoric acid also poses

the main challenge of the high-temperature system. The viscous acid needs to establish the

triple-phase boundary inside the catalyst layer at which electrons (catalyst), protons (acid) and
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oxygen (gas phase) can combine to form water. Thus, a non-ideal distribution directly impacts

the performance of the system, as the proton conduction is locally inhibited. Consequently,

this inhomogeneity of acid distribution leads to a low platinum efficiency, hence the CL of

HT-PEMFCs is manufactured with a higher platinum content, which increases the costs27 . In

the following, the state of the art of each component and how it is specifically tailored to the

presence of phosphoric acid in an HT-PEMFC, including an overview of previous research on

this topic, will be presented.

Polybenzimidazole Membrane

The proton conductivity of Nafion membranes, which are commonly implemented in conven-

tional PEMFCs, is severely compromised above 100 ◦C5 . Thus, HT-PEMFCs typically employ

a PBI-type membrane doped with liquid phosphoric acid as the proton carrier28 . PBI polymer

membranes are available in various derivatives, including m-PBI to AB-PBI or acid-blend mem-

branes29–40 . Recently, cross-linked PBI membranes were also investigated more thoroughly to

improve the long-term stability of HT-PEMFCs41–44 and successfully established a new world

record for HT-PEMFC lifetime of 80 000 h45 . An alternative approach to cross-linking is the

use of acid-blend membranes, which show a higher chemical stability toward the corrosive en-

vironment inside the fuel cell29 . Moreover, PBI-type membranes show a good thermal46 and

mechanical47 stability in the corrosive and hot environment of an HT-PEMFC and exhibit low

gas crossover48 . Many PBI derivatives show promising properties and as of yet, it is unclear

which one establishes a future state of the art.

As the proton conductivity of PBI itself is insufficient, phosphoric acid groups are necessary to

bind to the polymer to conduct the protons within the material49–52 . This reaction occurs in the

so-called doping process, during which the membrane imbibes phosphoric acid and integrates

it into its polymer structure. The doping process determines the initial amount of acid as well

as the homogeneity of the acid distribution within the membrane. PBI membranes were doped

at elevated temperatures as well as room temperature to find the optimum conditions for the

acid uptake53 . After assembly, the acid partially migrates into the porous electrode and the

amount of acid inside the membrane decreases54–56 . Hence, a homogeneous doping process

is vital to avoid local resistance increases once the acid migrated into the electrode.

Figure 2 shows the chemical composition of the PBI membrane. It highlights how the phospho-

ric acid molecules interact with the polymer and that the protons within are mainly conducted

via the Grotthuss mechanism57 . Conduction via diffusion of phosphate anions was found

to contribute only little to the overall conductivity51 . Compared to other proton-conducting

acids, phosphoric acid excels by its low vapor pressure, high thermal stability and high ionic con-

ductivity27 ,31 . In conclusion, the long-term stability, the performance and the environmental
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friendliness of PBI-type membranes render them the only type of membranes expected to fulfill

the requirements set by the American Department of Energy58 .

Figure 2: Chemical structure of m-PBI highlighting a) the interaction between the polymer
and the phosphoric acid and b) the proton conduction via the Grotthuss mechanism,
based on R. Zeis, Beilstein J. Nanotechnol., 2015, 6, 68-8359 .

Catalyst Layer

The chemical reactions in an HT-PEMFC are catalyzed by platinum nanoparticles, deposited

on a porous carbon substrate. The CL itself is deposited on a GDL using different techniques,

all resulting in slightly different CL morphology. Typically, the catalyst is deposited by sput-

tering60 , doctor-blading61 , silk screen printing62 or spray-coating63 ,64 . A comparative study

about the influence of the catalyst deposition method found that electrodes fabricated by

brushing frequently suffer from the occurrence of large cracks. The investigation of the ob-

tained morphology has shown that the most homogeneous catalyst layer structure is obtained

by spray-coating65 . X-ray-based experiments have shown that the acid preferably floods large

cracks inside the CL, which is why a homogeneous, crack-free morphology is desired66 .

It is also known that phosphate anions adsorb on the platinum particles and therefore block

the catalytic sites of the ORR. The oxygen solubility in phosphoric acid is low, which is why

the oxygen concentration on the surface of the platinum particles is also low in a partially

flooded system. This issue leads to a larger ORR overpotential in HT-PEMFCs compared to

conventional PEMFCs67 and enhances the need to optimize the morphology and, therefore,

the acid distribution within the CL.

The CL of an HT-PEMFC needs a binder to keep the integral structure intact and to prevent

the CL from breaking apart during operation68 . As mentioned earlier, employing Nafion as the

binder, as in conventional PEMFCs, is not feasible at higher temperatures5 . Thus, the binder

in an HT-PEMFC is typically polytetrafluoroethylene (PTFE), but different materials such as
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PBI or polyurethanes have been examined as well69–73 . The binder does not need to exhibit

proton conductivity, as the liquid phosphoric acid carries out this part. Apart from providing

structural integrity, the most important effect of the binder on the CL of an HT-PEMFC is the

change in the hydrophobicity. PTFE is strongly hydrophobic and the PTFE content impacts

the initial distribution of phosphoric acid inside the CL, which is especially significant during the

conditioning of the cell63 . The conditioning, also called the break-in period, of an HT-PEMFC

represents the initial phosphoric acid distribution from the membrane into the porous CL after

assembly74–77 . During this time, the cell voltage increases while the acid is distributed until

an equilibrium state is reached75 ,78 . Thus, the PTFE content is tailored around the optimum

phosphoric acid distribution and the optimum mechanical stability.

Not all HT-PEMFC catalysts are based on carbon-supported platinum nanoparticles (Pt/C).

To reduce the amount of expensive platinum and to improve the performance, various alloyed

systems including Co, Cr, Fe, Ni, Pd and Au were previously investigated79–83 . The most

common alloyed system employs platinum-cobalt nanoparticles. It was found to exhibit higher

performance than the Pt/C system, due to the changes of the lattice parameters on the

surface of the nanoparticles that facilitate the ORR84 ,85 . However, the performance degrades

relatively fast and evens out at a similar performance level as a platinum system86 . This is

attributed to cobalt leaching out of the particle, leaving behind a typical platinum particle87 .

The morphology of the carbon support structure was postulated to influence the distribution

of phosphoric acid. Mainly, the microstructure determines the wetting behavior of the acid

inside the CL63 . The extent of this influence is not yet determined, but it highlights that not

only the activity of the catalyst toward the ORR but also the underlying morphology of the

carbon support play an essential role in selecting the best possible catalyst for the HT-PEMFC.

To reduce the amount of expensive platinum group metals even further, catalysts without any

platinum are investigated88–93 . The most promising candidates are iron-nitrogen-carbon (Fe-N-

C) catalysts. They have been successfully implemented in conventional PEMFCs before94–96 ,

but were only applied once in an HT-PEMFC with relatively poor performance97 . However,

they show a good tolerance toward phosphate anion adsorption and thus circumvent one of

the main limitations of an HT-PEMFC, which increases the ORR overpotential98 ,99 .
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Figure 3: Schematic graphene-like lattice structure of a Fe-N-C catalyst with nitrogen defects.
A single iron atom is coordinated in the nitrogen defect sites and it provides the
catalytic activity. Adapted from Workman et al.100 , with permission from the American
Chemical Society. Copyright 2020, American Chemical Society.

These systems consist of a carbon support material which exhibits a graphene-like lattice

structure100 ,101 , as shown in Figure 3. The catalytic active sites are introduced by doping

the graphene-like lattice with nitrogen defects, inside of which a single iron atom is coordi-

nated102–105 . Ideally, a Fe-N-C catalyst should exhibit carbon basal planes on the surface to

provide optimum catalytic activity106 . A common misconception about metal-free nitrogen-

doped graphene-like catalysts is that they exhibit a significant activity toward the ORR. Recent

studies have shown that the catalytic activity is attributed to trace amounts of remnant met-

als, typically manganese, in the graphene, which is usually fabricated using the Hummer’s

method. This preparation method includes a step catalyzed by manganese and the remnant

metal impurities then provide the catalytic activity towards the ORR instead of the nitrogen-

doped defect sites themselves107–109 . Thus, a coordinated metal center is still necessary and

iron is the cheapest choice. As mentioned before, the morphology of the CL influences acid

distribution. The small lattice distance of nitrogen-doped graphene needs to be kept in mind

when implementing this type of catalyst in an HT-PEMFC. The phosphoric acid needs to

invade the space between the lattice to properly transport protons to the active sites. The

expected increase in the reactant transport resistance has not yet been investigated in detail,

but only been hinted at in one scientific communication97 .
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Gas Diffusion Layer

A fibrous carbon felt, or carbon paper supports the CL mechanically. This layer is called the

gas diffusion layer, as it is located between the flow fields, through which the reactant gases

are injected into the cell, and the CL, to which the gases need to diffuse to for the reaction.

Together, these layers are called a gas diffusion electrode (GDE). An X-ray tomogram of an

HT-PEMFC GDE is shown in Figure 4.

Figure 4: X-ray tomogram of the layered structure of an HT-PEMFC gas diffusion electrode.
The fibrous structure on top is the GDL (light gray), the layer beneath the GDL is
the MPL (dark gray), on the bottom is the CL (white). Adapted from Chevalier et
al.110 , with permission from Elsevier. Copyright 2016 Elsevier Ltd. All rights reserved.

In conventional PEMFCs and HT-PEMFCs, liquid accumulation in the GDL can block the gas

diffusion pathways and needs to be prevented9 ,111 . Thus, an additional layer is introduced,

namely the microporous layer (MPL). It provides additional structural support for the CL,

a property that is necessary for both PEMFC systems. Furthermore, the MPL serves two

different purposes in the low-temperature and the high-temperature systems concerning the

liquid distribution in the GDE. As shown in Figure 5, it can drastically reduce the liquid water

accumulation in the GDL of a conventional PEMFC by about 80%111 and facilitate water

management9 . In the HT-PEMFC, it serves to retain the phosphoric acid inside the CL and

prevents phosphoric acid leaching out of the CL into the GDL and eventually into the flow

field, where it corrodes the metallic bipolar plates66 ,110 ,112 . Thus, the MPL exhibits different
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optimum structures in these systems. These are shown in Figure 5 and the blue and orange

color indicates the respective liquid. For conventional PEMFCs, the MPL is a thin layer

exhibiting cracks as water transport pathways, whereas in HT-PEMFCs, the MPL is thick with

as few cracks as possible, as its primary purpose is to prevent liquid transport. At an operating

temperature of 160 ◦C, the quantity of phosphoric acid transported in the vapor phase is found

to be insignificant, as a vapor pressure of 0.71 µbar is reported27 .

Figure 5: Influence of the MPL on the liquid distribution within the GDL. Left: The absence of
an MPL causes flooding of the GDL, which blocks gas diffusion pathways. Center:
A cracked MPL offers diffusion paths for liquid water (blue) to exit the CL and flow
into the GDL without flooding the GDL. This behavior is desired for conventional
PEMFCs. Right: A thick and crack-free MPL disables liquid phosphoric acid (ocher)
transport entirely, which keeps the GDL dry. This behavior is preferred for HT-
PEMFCs.
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2.2 The Vanadium Redox Flow Battery

A VRFB stores energy by converting vanadium species to a different oxidation state. They

create an electrical potential across the two half-cells, which are electronically separated,

typically by a Nafion membrane. The VRFB can be charged by applying an external potential

that reverses the redox reaction in each half-cell and recharges the electrolyte by converting it

to the energetically less favored vanadium species. The schematic working principle is shown

in Figure 6.

Figure 6: Schematic working principle of a VRFB. The colors indicate the electrolyte color in
the respective oxidation state. The liquid electrolyte is pumped through the porous
electrodes in a cycle. By applying a voltage, the redox reaction of the vanadium
species can be reversed to recharge the battery.

The reactions inside a typical VRFB occur on the surface of porous carbon felts or stacked

carbon papers, which acts as the catalyst. A liquid electrolyte containing the vanadium species

is continuously pumped through the porous electrodes during the operation of the flow battery.

The performance of the cell is dependent on the wetting behavior between the electrolyte and

the electrodes. A thorough wetting increases the ECSA and fast diffusion of active species

can increase the reaction rate. The morphology of the porous electrodes is critical to the

saturation of the electrodes with the electrolyte and to inhibit the formation of trapped air

bubbles, which can accelerate the electrode corrosion. The redox reactions are as follows:
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Anode: V 3+ + e−
Charge−−−−−−−⇀↽−−−−−−−

Discharge
V 2+

Cathode: V O2+ +H2O
Charge−−−−−−⇀↽−−−−−−

Discharge
V O+

2 + 2H+ + e−

Full cell: V O2+ + V 3+ +H2O
Charge−−−−−−⇀↽−−−−−−

Discharge
V O+

2 + V 2+ + 2H+

Similar to the HT-PEMFC, the VRFB exhibits a layered structure. Both half-cells are elec-

trically separated by the membrane. The porous electrodes in each half-cell are sandwiched

between the membrane and their respective electron-conducting flow field. The electrodes

themselves are electronically conducting as well. The electrolyte which is pumped thorugh the

electrodes is fed into the cell from external tanks, which act as the storage reservoir and their

size determines the capacity of the VRFB. Further, the amount of active species in the elec-

trolyte determines the energy density of the battery, which is lower compared to other types

of batteries113 ,114 . Thus, the current field of applications is limited to stationary applications

until a higher energy density can be realized115 ,116 . In the following, a brief overview of the

materials employed in a VRFB is outlined with a special focus on the wetting behavior of

electrode and electrolyte.

Vanadium Electrolyte and Ion Exchange Membrane

Typically, vanadium sulfate electrolytes are employed in VRFBs, which contain 2 M dissolved

vanadium species in 3 M sulfuric acid. The solubility of the vanadium species determines

the maximum concentrations of the electrolyte and thus limits the energy density to typically

20-35 Wh kg-1 117–119 . An approach to overcome the low solubility, especially of the V(V)

species, is to exchange it with the Br− / Br3− or the Mn2+ / Mn3+ redox couple. However, this

introduces the issue of cross-contamination119 ,120 . Cross-contamination of vanadium leads to

a capacity imbalance in the electrolyte, which necessitate either the exchange of the electrolyte

over time, or elaborate re-balancing techniques, which decrease the overall system efficiency26 .

Furthermore, the composition and the purity of the electrolyte influences several parameters,

such as stability and performance121 .

The rate of cross-contamination is mainly influenced by the membrane separating the two

half-cells120 . Typically, Nafion is implemented, which shows a high proton conductivity and

high chemical stability in the acidic chemical environment of the VRFB122 . However, Nafion

exhibits a high crossover rate for vanadium species if it is not pre-treated beforehand123 . An

approach to reduce the rate of cross-contamination is to coat Nafion with hydrophobic PTFE

or sulfonated polyether ether ketone (SPEEK), which shows the desired effect at the cost of
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increased manufacturing cost124 . Even without a coating, Nafion is expensive and contributes

30% to the total cost of the cell stack26 ,125 . Instead, cheaper anion exchange membranes are

investigated as they show a low vanadium ion conductivity119 ,126 and conduct sulfate anions

instead of protons to maintain the charge balance. However, the ion conductivity is overall

lower compared to that of Nafion, which negatively impacts the performance123 . Consequently,

these membranes were functionalized to combat the lower performance127–129 , which in turn

increases the manufacturing costs. As of yet, literature shows no clear trend as to which type

of membrane will establish itself for future applications. This discussion is often accompanied

by the question about the interplay between the electrolyte and the membrane. If the cheaper

option for a membrane necessitates a less acidic electrolyte, the solubility of vanadium and

the surface contact angle might change, which impacts the power density and the ECSA and

thereby lowers the performance and the efficiency of the system22 ,130 ,131 .

Porous Electrode

Figure 7 shows the fibrous structure of a carbon felt. These porous carbon fiber-based materials

are typically used as electrodes in VRFBs and are obtained by graphitization of polyacrylonitrile

or cellulose-based fiber material132–134 . The processing of the obtained graphitized fibers

decides the macrostructure of the electrode. The three most employed macrostructures are

carbon felts, carbon cloths or carbon papers. Carbon papers are thin and show an isotropic fiber

layout, which is held together with a binder material. This gives this type of material a unique

flow characteristic135 . As carbon papers are thin, highly electrically conductive materials,

they are stacked on top of each other to increase the surface area in a so-called no-gap

design136 ,137 . In contrast, carbon cloths and carbon felts are typically thicker, show a higher

degree of anisotropy and offer higher surface area and better cycle stability.

Figure 7: Left: Photo of a carbon felt material (SIGRACELL R© GFA 6 EA) used as a porous
electrode in VRFBs. Right: SEM image of the anisotropic carbon fiber structure.
Reused with permission from L. Eifert138 .
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As carbon materials show a complex surface chemistry, many parameters can influence the

electrochemical behavior of porous carbon electrodes139 ,140 . It was found that the amount

of surface groups as well as the ratio of graphitic edges versus basal planes impacts the rate

of electron transfers in graphitic carbon materials141 ,142 . Carbon felt electrodes for VRFBs

are thus activated at elevated temperatures between 400 ◦C and 800 ◦C under air or oxygen

atmosphere to introduce specific surface groups143–146 . Extensive parametric studies have been

conducted to understand the effect of thermal activation and to find the optimum activation

conditions147 ,148 . The surface composition of the carbon fibers was also observed to influence

the rate of undesired side reactions, such as the carbon corrosion and the hydrogen evolution

reaction149–152 . Bismuth nanoparticles deposited on the electrode surface have been found to

decrease the rate of hydrogen evolution and help to combat the gas evolution153 . However, an

additional surface treatment increases the manufacturing costs, which needs to be considered in

an overall cost vs. efficiency analysis. A further critical parameter for gas evolution is the level

of compression. As electrodes are compressed, the carbon fiber structure deforms and single

fibers can break. At these sharp break points, the electric field can create voltage spikes, where

side reactions are expected to preferentially occur. Compression has been found to enhance the

electrical conductivity at the cost of a decreased permeability of the active species. Further,

the pressure drop through the electrode is increased at a higher level of compression, which in

turn decreases the overall system efficiency due to the higher ancillary pumping losses. This

trade-off is described in literature and for each cell architecture, an optimum point of operation

needs to be found between the aforementioned parameters22 ,154–157 .

Flow Field Structure

The flow field can optionally be structured with ribs and flow channels. However, this is

not necessary as the VRFB can be operated in two distinct types of operation; the flow-by

operation and the flow-through operation, as shown in Figure 8. In the flow-by configuration,

the electrolyte is pumped through flow channels and the diffusion of reactants supplies the

electrode with reactive species. Flow-through signifies the absence of flow channels, which

mandates the electrolyte to flow through the porous carbon electrode139 ,150 ,158 . The presence

of flow channels is especially beneficial when operating the battery at a higher flux, as it allows

the electrolyte to flow by the felt, which decreases the pressure drop significantly132 ,159 ,160 .
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Figure 8: The three most common flow field structures. Left: Serpentine flow channels, flow-
by configuration. Center: Interdigitated flow channels, flow-by configuration. Right:
Flat flow field structure without channels, flow-through configuration. Adapted as
author from Eifert et al.161 . This work is licensed under a Creative Commons Attribution
4.0 International License (CC BY 4.0), https://creativecommons.org/licenses/by/4.0/.

The overall systematic benefit of one flow field configuration over the other is not yet well

investigated. As the electrolyte is pumped continuously from external tanks into the flow

fields, the flow resistance is an important metric in the overall system efficiency162 . The

flow-through configuration results in a higher pressure drop132 ,160 . However, there are more

impacting parameters such as the level of compression of the porous electrode, electrolyte flux,

surface composition and contact angle, and the pore structure which dominate the pressure

drop especially at lower flow rates22 ,156 ,162 ,163 . Flow-by is commonly employed in combination

with carbon paper electrodes, as they are thinner and the reactant transport by diffusion is

fast enough to supply the whole volume with reactive species. In contrast, thicker carbon felt

or carbon cloth electrodes are often employed in the flow-through configuration to decrease

diffusion pathways for the active species138 .
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2.3 Recent Progress in Electrolyte Distribution

Phosphoric Acid Inside the HT-PEMFC

The distribution of phosphoric acid inside the porous catalyst layer and the phosphoric acid

leaching through the GDE has been previously investigated by several groups. The goal is

to improve the distribution and to optimize the phosphoric acid content for the conditioning

phase and the long-term acid loss. The doping process of the PBI membrane was investigated

by Giffin et al., who found that m-PBI membranes can be doped by immersion in phosphoric

acid at room temperature for 15 days53 . A high water uptake when doped PBI is exposed to

air during the assembly of the fuel cell was reported by Galbiati et al.74 . Mack et al. observed

higher chemical stability of acid-blend membranes when immersed in hot phosphoric acid during

doping29 and found that the amount of PTFE in the CL impacts the conditioning of the cell64 .

Oono et al. analyzed the optimum phosphoric acid uptake of doped PBI membranes ex situ

after cell testing and found that the effect of varying doping levels of the membrane is visible

in electrochemical impedance spectroscopy (EIS) measurements164 . They further analyzed the

distribution of phosphoric acid inside the GDE by performing cryo-SEM on a cross-sectional

area of the membrane electrode assembly (MEA) after long-term cell tests and mapped the

distribution of phosphorous using electron-probe microanalysis165 ,166 . Post-mortem acid-base

titration was applied by Kwon et al. to determine the initial phosphoric acid loss from the

membrane into the GDEs76 . Li et al. further showed that a high acid doping level can lead to

poor mechanical stability of the membrane167 .

Visualization techniques have been applied successfully to highlight the phosphoric acid dis-

tribution inside an operating fuel cell. Maier et al. correlated coupled X-ray radiography

to EIS measurements to trace the activation phase of the HT-PEMFC168 . Eberhardt et al.

used X-ray micro-computed tomography (µ-CT) to calculate the anion transference number

between the electrodes to determine the acid migration rate169–171 and Maier et al. applied

operando synchrotron X-ray radiography to calculate the amount of phosphoric acid inside the

CL by the attenuation of the X-ray beam172 . The resolution of X-ray-based techniques is not

high enough to dynamically resolve the pores in the nanometer scale of a CL, but they can be

applied to trace phosphoric acid migration in larger features of a CL, such as cracks. Halter et

al. investigated the acid distribution using operando X-ray µ-CT and compared the phosphoric

acid distribution inside GDEs with a varying degree of cracks in the CL. They found that a

small crack-size benefits the phosphoric acid retention inside the CL and prevents the flooding

of the MPL and the GDL66 . This is also confirmed by Chevalier et al. and Bevilacqua et al.,

who previously used pore network modeling (PNM) to investigate phosphoric acid distribution

inside a CL and a GDL substrate coated with an MPL with varying crack sizes and crack

connectivity110 ,112 . Yu et al. and Wannek et al. conducted long-term cell tests to determine
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the phosphoric acid loss from the CL into the bipolar plates and the exhaust water and found

that a microporous layer is beneficial in retaining the acid inside the GDE and prevents leach-

ing173–175 . This is confirmed by aforementioned crack-size analyses66 ,110 ,112 . Publications 4

and 9 of this thesis (see Chapter 4) investigated the influence of the crack size and the crack

connectivity of the CL and the MPL using X-ray µ-CT and PNM. It was found that a ho-

mogeneous morphology helps to prevent phosphoric acid leaching into the GDL. The crack

connectivity can help to retain the acid inside the CL and impact the lifetime of HT-PEMFCs.

Søndergaard et al. used EIS to validate that phosphoric acid leaching is one of the major loss

mechanisms over a 13 000 h cell test and demonstrated the long-term stability of HT-PEMFCs

with the hitherto lowest reported degradation rate of 0.5 µV h-1 45 . This degradation rate (for

constant operation) would satisfy the target defined by the US Department of Energy, which

dictates less than 10% degradation over a lifetime of 80 000 h for CHP units176 .

Understanding the influence of single operation parameters on the phosphoric acid distribution

in a working HT-PEMFC is critical to optimize single components to the presence of phosphoric

acid. EIS is a powerful tool to identify and separate individual processes occurring in HT-

PEMFCs and it is therefore widely applied177–181 . Halter et al. employed the EIS technique to

investigate the change in phosphoric acid distribution following a current step and observed

a higher amount of acid in the cathode after the increase of the current66 . Andreasen et al.

studied the impact of CO on the EIS spectrum and concluded that CO co-adsorption causes

longer hydrogen diffusion pathways, which increase the cell impedance at all frequencies182 ,183 .

In Publication 2, it was found that the impact of CO in the anode gas stream on the cathode

and mass transport is merely perceived by the measurement, which follows the principle of a

potential divider. Thus, the higher impedance observed at low frequencies is neither caused

by cross-contamination48 nor does it represent longer hydrogen diffusion pathways in the

anode, as suggested by Andreasen et al183 . However, the major disadvantage of EIS is the

ambiguity when analyzing processes that overlap in the Nyquist plot184 . For this reason,

EIS data has been further analyzed using the novel Distribution of Relaxation Times (DRT)

method, as no electrochemical model is necessary185–188 . The DRT method will be explained

in greater detail in Chapter 3. It has been applied to investigate the internal processes of

solid oxide fuel cells185 ,189–192 , lithium ion batteries193 and conventional PEMFCs178 ,194 ,195 .

The ability to highlight the individual contribution of each internal process to the total cell

impedance separately proofs highly valuable to understand the operation of PEMFC systems.

Identifying the impact of individual parameters is beneficial to learn the limiting factors during

cell operation. The method also helps to quantify the losses of the fuel cell and compare

systems among each other.
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DRT analysis has been previously applied to investigate the behavior of HT-PEMFCs. Weiß

et al. employed the DRT to systematically attribute each process inside an HT-PEMFC to a

visible peak in the DRT spectrum and demonstrate that this system can be analyzed using

this method196 . Yezerska et al. used the DRT to investigate the behavior of the HT-PEMFC

during anode starvation and after regeneration and highlight the occurrence of a new, individual

process after starvation, which they attribute to surface oxides197 . All in all, DRT data for

HT-PEMFCs is sparse and not yet well understood. More extensive and detailed studies are

still necessary to correctly interpret the phenomena visible in the DRT. In Publication 2, a

systematic DRT study was performed, in which high-frequency peaks could be allocated to

the proton transport in the CL. This allocation can help to trace acid flooding or insufficient

acid distribution within the porous electrode structure. In this thesis, the DRT was further

applied to new electrode materials with a unique morphology, such as platinum-free Fe-N-C

catalysts (Publications 3 and 5), nitrogen-functionalized platinum catalysts (Publication 13)

and entirely electrospun GDEs (Publication 10). The morphology of these catalysts varies and

phosphoric acid is expected to behave differently in the varying pore sizes, on the surface of

the nitrogen-functionalized catalyst, and in the fibrous structure of the electrospun GDE. The

distribution of phosphoric acid in these catalyst materials was traced in single-cell applications

using the EIS method coupled with the DRT analysis.

Vanadium Electrolyte Distribution Inside the VRFB

Previously, the impact of thermal activation on the electrolyte distribution has been described

by Sun and Skyllas-Kazacos, who found that thermal activation improves the wetting and ren-

ders the carbon felt hydrophilic. Further, they found that a thorough wetting was only achieved

if the electrode was activated above 400 ◦C for at least 30 h143 . A recent in-depth study by

Greco et al. fine-tuned the temperature of the thermal pretreatment using contact angle

measurements and X-ray photoelectron spectroscopy (XPS) to determine the hydrophilicity

and the wetting properties as well as the composition of the surface functional groups. They

suggest 475 ◦C to be the optimum temperature to achieve the highest battery performance148 .

Eifert et al. confirmed the change in surface composition due to the development of surface

functional groups during thermal pretreatment using XPS and Raman spectroscopy. They

provide a detailed ratio of each observed end-group for various commercially available types

of carbon felts147 . In addition to the surface properties of the electrode, the differences in

the wetting behavior of each vanadium species are expected to influence the saturation. Elec-

trolytes containing vanadium species in a different oxidation state have been investigated by

Xu et al., who found that the ion diffusivity, the transfer coefficient and the dynamic viscosity

change for each type of vanadium species198 . These parameters are critical to consider when

modeling the flow in porous electrodes and interpreting visually observed flow patterns.
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The distribution of liquids inside porous electrodes has previously been researched in the field

of fuel cells and VRFBs. Wong et al. visualized the electrolyte flow and the chemical reactions

in a quinone-based redox flow battery using operando fluorescence microscopy and highlight

the reaction and the flow on the surface of a porous electrode199 . Due to the similar nature of

the porous media and the liquid in VRFBs and fuel cells, similar techniques can be applied for

both systems. Especially X-ray-based imaging techniques are well established to investigate

the water distribution in conventional PEMFCs and many studies have been published on this

subject200–203 . They are a powerful tool to visualize water droplets within the porous carbon

structure of GDLs and can penetrate the electrode. Therefore, they can provide information

about the flow within the electrode and are not restricted to the surface. The high contrast

between the solid carbon phase and the liquid electrolyte in the resulting images allows to

resolve the dynamic electrolyte flow in porous carbon electrodes. The data obtained from

these experiments are useful to tailor the properties of the porous medium which enables fast

and efficient water transport without blocking the diffusion pathways for the reactant gases.

The methodology of X-ray-based techniques can be applied to the electrolyte distribution in

VRFBs accordingly. Ex situ techniques have been employed by Tariq et al., who injected

electrolyte into carbon paper electrodes while visualizing the liquid progression through the

material and found a node-to-node transport along the isotropic fibers.135 . In Publication 1,

synchrotron X-ray radiography and tomography experiments have been conducted to investi-

gate the wetting behavior of thermally activated and pristine carbon electrodes using an ex situ

injection device. The various vanadium species were injected and compared, as the viscosity

is expected to change slightly with the oxidation state of the vanadium in the electrolyte198 .

Jervis et al. investigated the behavior of dry carbon felt electrodes under compression and

state that the felt compresses unevenly, which is expected to result in an inhomogeneous elec-

trolyte distribution155 . Wang et al. found that the uneven compression is also palpable when

compressing a carbon felt electrode with a flow field containing ribs and channels, as the face

which compresses the felt is not flat. Hence, the felt is compressed more strongly underneath

the ribs of the flow field. This effect creates local differences in porosity, electrical resistance

and permeability157 ,163 . Chang et al. confirm the uneven compression underneath the flow

field and found that under high compression, the mass transport through the flow channel

can be inhibited by the intrusion of the carbon fiber204 . The understanding of the impact of

morphology and compression on the flow inside porous media can be enhanced by modeling

the flow through differently compressed pore space using pore network modeling or the Lattice-

Boltzmann Method (LBM). In Publications 6 – 8 of this thesis, PNM was used to simulate the

flow through porous VRFB electrodes and flow characteristics and parameters such as relative

diffusivity and permeability as well as the impact of compression on the flow through the pore

space have been investigated. Publication 12 entails an in-depth flow simulation using LBM
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to investigate the trade-off between a facilitated flow in lowly compressed electrodes and an

enhanced electrical conductivity at highly compressed electrodes. These simulations can offer

valuable insight into the effect of external parameters during cell operation.

Apart from the wetting behavior and the compression, the surface parameters of carbon felt

electrodes further impact the performance, as they influence the occurrence of undesired side

reactions. Electrochemically catalyzed side reactions are the hydrogen evolution reaction and

the carbon corrosion, which includes carbon monoxide and carbon dioxide evolution. These side

reactions have been investigated by Eifert et al., who applied DEMS techniques to highlight

the presence of hydrogen and gaseous carbon oxides in a VRFB under potential control. They

found that the presence of vanadium ions enhances the rate of undesired side reactions149 ,205 .

Wei et al. show that the rate of those reactions is increased at elevated temperatures206 .

These not only reduce the system efficiency but also corrode porous electrodes. Due to the

high contrast of gas bubbles and liquid or solid materials in images obtained by X-ray-based

techniques, the gas evolution can be traced. An operando cell design specifically fabricated

for synchrotron X-ray-based techniques has been suggested by Jervis et al., who proposed a

miniature cell design with a rotational symmetry with a diameter of 11 mm and the possibility

of operando compression changes207 . To further advance the possibility of operando X-ray-

based techniques to visualize the electrolyte flow in porous electrodes of VRFBs, a novel cell

design specifically tailored for X-ray synchrotron experiments was proposed in Publication 11.

Here, a cell design capable of variably adjusting the thickness of carbon flow felts and the type

of flow felt was proposed. This design is not restrained by the movement of internal pistons, as

the previously published design by Jervis et al.155 and offers the possibility of electrochemical

measurements under potential control.

As synchrotron X-ray visualization techniques have been previously applied for fuel cells, the

analysis methodology can be adapted to the VRFB accordingly. Ge et al. developed and

validated an analysis method for determining the thickness of liquid inside the X-ray beam

path via a calibration device to determine the attenuation coefficient and applying it in the

Beer-Lambert law208 . Hinebaugh et al. discussed the influence of the beam decay in a

synchrotron over time, which would leave a systematic overestimation of the attenuation if

left uncorrected209 . These two steps allow a proper quantitative analysis of the saturation of

porous electrodes using X-ray radiograms, which leaves a low margin of error.
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3 Methodology

This chapter introduces the working principle of experimental methods utilized for this thesis. A

detailed and graphical overview of each technique, including a brief discussion over the expected

results is presented to justify the choice of each method. A theoretical background is outlined

for fundamentally essential methods. Firstly, the fabrication of the MEA and the HT-PEMFC

cell operation and characterization will be introduced. Further, analysis methods applied to

investigate the morphology of GDEs and porous electrodes will be presented. These methods

are X-ray µ-CT, PNM, scanning electron microscopy (SEM), focused ion beam SEM (FIB-

SEM) and sorption experiments. Lastly, the design of experiments for operando visualization

of the flow in VRFB electrodes and the preparation of different electrolyte species will be

discussed.

3.1 Membrane Electrode Assembly Fabrication

The MEA is the heart of an HT-PEMFC and consists of the membrane and both gas diffusion

electrodes. It is embedded between the bipolar plates, which supply the porous electrodes

with the reactant gases and act as the current collector. In this chapter, the fabrication of

single components and the complete MEA is outlined. Additionally, implementing a reference

electrode into the MEA to separate cathode and anode cell contributions is presented.

Spray-Coating

GDEs were prepared by coating a catalyst slurry layer by layer onto a GDL, as displayed

in Figure 9. Spray-coating was chosen over doctor-blading or paint-brushing, as it yields a

homogeneous distribution of the PTFE binder, better control of the platinum loading as well as

a low number of cracks. Further, GDEs prepared this way vary little in catalyst layer thickness,

which is beneficial to support the delicate PBI membrane mechanically and to establish a

good proton conductivity at the boundary between the two components. No catalyst particle

agglomeration has been observed using this preparation method and a homogeneous porosity

allows fast gas transport through the porous material without significant bottlenecks. A further

benefit of a homogeneous porosity lies in a uniform phosphoric acid distribution throughout

the whole CL without pooling, thus avoiding dead zones.
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Figure 9: Schematic of the spray-coating process using a pressured air system. MPL = Micro-
porous layer, GDL = Gas diffusion layer, CL = Catalyst layer.

A commercial GDL (H2315 C2, Freudenberg SE) with a thick and crack-free MPL was chosen

as the substrate to retain the phosphoric acid inside the catalyst layer during cell operation. The

slurry which contains the catalyst was prepared by mixing catalyst powder, isopropylic alcohol,

and millipore water in a weight ratio of 1:16:16. PTFE binder (TF 5060 GZ, 3MTM DyneonTM)

was added to result in 7wt-% binder content in the dry catalyst layer. The dispersion was

stirred for 2 h with a magnetic stir bar to create a homogeneous dispersion. The GDL was

placed onto a heating plate (T = 80 ◦C) and the ink was subsequently spray-coated layer by

layer onto the GDL using an airbrush system with an exuding pressure of 1.5 bar. After each

layer, the solvent needs to evaporate completely before adding the next layer. This process

facilitates a homogeneous pore formation without any large cavities. The metal loading was

determined by weighing the dried electrode.

The metal loading depends on the type of catalyst. Three types of catalysts were employed

in this work: A standard Pt catalyst (20 wt% Pt/C, Heraeus R©), a Pt3Co catalyst (30 wt%

Pt3Co/C, TANAKA) and an Fe-N-C catalyst. Unless specified differently, the metal loading

amounts to 1 mgM cm-2 (M = metal) for the Pt and the Pt3Co catalyst and 3 mg cm-2 for

the Fe-N-C catalyst. The anode GDE was prepared with an excess of platinum to ensure no

limitations occurred from the anode.
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Doping PBI Membranes with Phosphoric Acid

The PBI membrane acts as the electrical insulator and conducts protons between the anode

and the cathode. The proton conductivity is provided by phosphoric acid molecules bound

to the PBI and occurs via the Grotthuss mechanism. Furthermore, the phosphoric acid is

introduced into the HT-PEMFC MEA by the doped PBI membrane, which is immersed in

concentrated phosphoric acid prior to the MEA assembly. Duration and temperature of the

doping process depend on the type of PBI membrane. In this work, m-PBI membranes were

doped at room temperature for four to six weeks. After three days, the acid uptake is already

finished, but the even acid distribution within the membrane is a slower process. The acid

content and the acid distribution of the PBI membrane is critical to the performance of the fuel

cell, as it determines the ohmic resistance as well as the amount of acid which is introduced

into the system. An inadequate doping protocol can result in low proton conductivity of the

membrane, insufficient electrolyte availability, which decreases the ECSA, or in the flooding of

the porous catalyst, which blocks diffusion pathways for reactants.

Single-Cell Setup

1

2

3

4

5

6

Anode Cathode

Figure 10: Schematic rendering of the single-cell setup. 1) Bipolar plate with 2) serpentine
flow field, 3) PTFE gasket, 4) GDE, 5) PEEK gasket, 6) PBI membrane. Adapted
with permission from Michael Schmid; original image is unpublished.

The advantage of the cell design shown in Figure 10 lies in the flexibility of the setup. Each

MEA component can be exchanged and several external parameters can be adjusted to the

needs of individual experiments or a specific choice of material. Thus, commercial MEAs as

well as MEAs fabricated in-house can be employed. The active area can be adjusted by the

square hole inside the PEEK subgasket and the type of membrane and the doping level can

be varied. The level of compression of the GDE is adjustable by the thickness of the PTFE

gasket and the PEEK gasket defines the active area of the cell and prevents phosphoric acid

flowing around the GDE to the bipolar plates.
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Single-Cell Setup with a Reference Electrode
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Figure 11: Schematic rendering of the single-cell setup. 1) Bipolar plate with 2) ser-
pentine flow field, 3) PTFE gasket, 4) GDE, 5) PEEK gasket, 6) PBI mem-
brane, 7) reference electrode (Pt-mesh). As author adapted from Bevilacqua et
al.210 , Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0),
https://creativecommons.org/licenses/by-nc-nd/4.0/.

The difference between this setup and the earlier setup, is the presence of a Pt-mesh, which

acts as a reference electrode. The mesh is thin and sparse, so it does not interfere with the

proton transport between the electrodes211 . The mesh is embedded in two phosphoric acid-

doped PBI membranes to prevent electrical contact with the GDEs, which would lead to a

short circuit when connecting the mesh as a reference electrode in a three-electrode setup.

This setup enables to separately resolve the contributions of the anode and the cathode to the

electrochemical impedance of the fuel cell.

3.2 Fuel Cell Operation

The fuel cells are operated in a test station controlled by a program based on Labview, written

by the Center for Solar Energy and Hydrogen Research Baden-Württemberg (ZSW). The

operating temperature was set to 160 ◦C and no back-pressure is applied for any cell in this

work. The test station is equipped with a zero-load, which does not draw any current while the

cell is held at open-circuit voltage (OCV). This feature increases the accuracy of the voltage

reading.
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To investigate the behavior of the fuel cell and for proper and safe cell operation, the test-

station is equipped with the following capabilities:

• Flushing the cell with nitrogen during heat-up and after shut-down

• Humidification of reactant gases

• Adjusting the stoichiometry of the reactant gases

• Supplying the cathode side with air or oxygen

• Addition of nitrogen to the gas stream

• Addition of carbon monoxide to the anode gas stream

Figure 12: Schematic drawing of the components of the test station. The asterisk at the
CO line denotes that it contains 5vol-% CO in hydrogen. RH is the humidifier,
∆T is the preheating of the reactant gases, which is set to 120 ◦C. Nitrogen can
be added while heating the cell during start-up, for dilution experiments and for
flushing the lines after cell operation to clean the cell and the auxiliaries of any
remaining hydrogen.

During start-up, the cell is supplied with nitrogen to prevent carbon corrosion at OCV, which

can occur in the presence of oxygen. After the initial heat-up, the gas supply is initiated at

a stoichiometry (λ) of λH2 = 1.8 and λAir = 2.0 (unless specified differently) and a current

of j = 200 mA cm-2 is applied to the cell to keep the voltage at a non-corrosive potential.
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At this point, the conditioning of the fuel cell, during which the catalyst layer imbibes the

phosphoric acid from the membrane, is happening.

A stoichiometry of λ = 1 is the theoretical amount of gas needed to supply the fuel cell

with enough reactants to maintain a given current. The formula with which to calculate the

reactant flux fGas is shown in Equation 1.

fGas =
Icell
zF

V0 · λ (1)

where Icell is the total cell current, z is the number of electrons which are transferred during

the reaction of one gas molecule, F is the Faraday constant, V0 is the standard volume of

a gas at a pressure of 1 atm and λ is the stoichiometry at which the cell is operated. Due

to inhomogeneous gas distribution and a non-instant diffusion of gases through the catalyst

layer, the fuel cell is supplied with a stoichiometry greater one. The stoichiometry is a simple

multiplier of the gas theoretical flux.

The diffusion of hydrogen is fast and a stoichiometry of λH2 = 1.8 is sufficient to ensure that

the anode is not diffusion limited in this cell setup. In the case of the cathode, the stoichiometry

of air is set to a higher value of λAir = 2.0 (or higher where explicitly mentioned) to account

for the slower diffusion of oxygen and lower partial pressure of oxygen in air. When operating

the fuel cell with air, the percentage of oxygen in the air needs to be taken into account when

calculating the air flux.

3.3 Electrochemical Impedance Spectroscopy

EIS is a vital characterization technique for electrochemical devices such as fuel cells, capacitors

and batteries. It is one of the most common methods to investigate the overpotentials in

electrochemical cells and allows a more detailed analysis of the performance of a system than

simple polarization or charge-discharge curves. With this method, internal cell processes that

occur on different time scales can be separated. These processes lead to overpotentials and,

ultimately, to performance loss and should, therefore, be identified. As this method plays a key

role in this work, the fundamentals of EIS are presented in this chapter. It is based mainly on

the book ”Impedance Spectroscopy: Theory, Experiment, and Applications”, 2nd Edition212 .

EIS is conducted by applying a small sinusoidal current perturbation (galvanostatic mode) or a

voltage perturbation (potentiostatic mode) to the electrochemical device under study; in this

work, a fuel cell. The response of the device is recorded and yields the impedance at the given

frequency of the sinusoidal stimulus. This process is repeated at various frequency values to

obtain a complete impedance spectrum. Each data point of the spectrum is a complex-valued
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function defined as the Fourier transform of the potential v(t) divided by the Fourier transform

of the current i(t), both translated into frequency space.

Z(f) =
V (f)

I(f)
(2)

where V (f) and I(f) are the voltage and the current after Fourier transformation into the

frequency space using the unitary Fourier transform definition in Equation (5).

V (f) = F [v(t)](f) (3)

I(f) = F [i(t)](f) (4)

F [h(t)](f) =

∞∫
−∞

h(t) exp(−2πift)dt (5)

The resulting data consists of a real part (Z ′(f)) and an imaginary part (Z ′′(f)), which can be

plotted in a right-hand coordinate system as the vector sum in the general form of Z = a+ ib,

or translated into an impedance, Z(ω) = Z ′ + iZ ′′. The rectangular coordinate values are

thus:

Re(Z) ≡ Z ′ = |Z| cos(θ) & Im(Z) ≡ Z ′′ = |Z| sin(θ) (6)

Using these coordinates, a single data point at a given frequency ω (ω = 2πf) is expressed in

a two-dimensional coordinate system, as shown in Figure 13. If this procedure is repeated at

various frequency values and each obtained impedance value is plotted in the same coordinate

system, a so-called Nyquist plot of the electrochemical device is obtained. An exemplary

Nyquist plot of an HT-PEMFC is shown in Figure 14.

Figure 13: Sample impedance value Z plotted in a two-dimensional plane (x-axis = real part,
y-axis = imaginary part). Based on the Book ”Impedance Spectroscopy: Theory,
Experiment, and Applications”, 2nd Edition212 .
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Figure 14: Sample Nyquist plot of an HT-PEMFC. The frequency range is 105 Hz to 10-1 Hz,
the decades of the frequencies are marked with colored symbols and labeled ac-
cording to the applied frequency. 10 points per decade are measured. The colored
background indicates the processes occurring in an HT-PEMFC, categorized as
high-frequency processes (HF, blue), oxygen reduction reaction (ORR, red) and
mass transport (MT, brown). The colored background is only an approximate
guideline and does not represent rigid borders.

The Nyquist plot in Figure 14 results from the overlap of processes in the fuel cell occurring

at different time scales, which all contribute to the total impedance. It shows three distinct

frequency regimes that are divided by color. This division is not rigid, since the different

frequency regimes overlap and vary for each system. The colors correspond to processes

occurring in an HT-PEMFC and can be roughly categorized as high-frequency processes (above

103 Hz, blue), oxygen reduction reaction (between 103 Hz and 101 Hz, red) and oxygen mass

transport (below 101 Hz, brown). The blue frequency regime is attributed to fast processes,

such as the hydrogen oxidation reaction and proton transport through the catalyst layer. The

data points in the red regime are attributed to the ORR inside the HT-PEMFC and cannot be

approximated by a single semi-circular shape, which hints at a more complex process. However,

for the brown regime attributed to the oxygen mass transport, a semi-circular shape can be

approximated. The mass transport is the most prominent contribution to the overpotential in

the HT-PEMFC, as the impedance is the largest.

It is possible to compare impedance spectra to evaluate the performance of a given system

within a context of a reference cell, but it is impossible to quantify and separate the individual

contribution of each process to the total impedance. Thus, further analysis is necessary to

investigate the intrinsic nature of the processes inside the fuel cell. The most prominent

method for modeling and analyzing fuel cell impedance spectra is called equivalent circuit

modeling.
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In the equivalent circuit modeling of HT-PEMFCs, the processes inside the cell are approx-

imated as overlapping semi-circles fitted to the shape of the Nyquist plot. A semi-circular

impedance is obtained when an electrical component with a resistor and a capacitor (RC el-

ement, Fig. 15) is subjected to an alternating current stimulus, as is the case in the EIS

measurement. The Nyquist plot can be approximated by the impedance of a sequence of

series-connected RC elements with varying values for the resistors and capacitors. This issue

leads to overlapping semi-circles, resulting in the Nyquist plot upon mathematical summation.

Modeling the RC elements is valuable, as it can quantify resistances in a given system. An

example of the impedance of equivalent circuits is shown in Figure 15.

Typical EIS equivalent circuit models consist of more complex electrical elements to accurately

depict the nature of the processes occurring inside the fuel cell. This method is popular, but

can quickly develop into a model that becomes difficult to interpret, as complex elements such

as Warburg circuits, resistors and constant phase elements need to be introduced even when

following the principle of parsimony. A further challenge with equivalent circuit modeling is

the lack of uniqueness184 , as displayed in Figure 15. Several equivalent circuit models may

result in the same impedance and thus, physical properties may be allocated wrongly to the

processes inside the fuel cell. Therefore, a lot of a priori knowledge is necessary to successfully

and physico-chemically properly model an equivalent circuit of a real cell.

Figure 15: a) Nyquist plot consisting of two semi-circles. b) Common components of simple
equivalent circuit models. c) Three equivalent circuits all resulting in the same
Nyquist plot when subject to an AC stimulus, highlighting the ambiguity of the
equivalent circuit modeling. Based on the Book ”Impedance Spectroscopy: Theory,
Experiment, and Applications”, 2nd Edition212 .
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In this work, impedance spectra of the fuel cell were recorded in galvanostatic mode using a

multichannel Zahner Zennium work-station (Zahner Elektrik) at a rate of ten data points per

decade and six repetitions of each data point. The current density at which the cell is operating

during the measurement can be chosen freely under the condition that the cell operation is

stable at the given load and that the response to the perturbation is linear. The amplitude of

the stimulus was chosen to be 10 mV, which is sufficiently small to perturb the system, but not

to damage the cell or move it out of the linear region. The frequency of the stimulus, at which

the impedance was recorded ranged from 100 mHz (or 50 mHz where specified differently)

to 100 kHz, which covers all processes of interest in the cell. Fast processes such as the

hydrogen oxidation reaction, proton transport and electron transfer can be monitored at high

frequencies above 10 kHz and slow processes such as the oxygen diffusion can be recorded at

lower frequencies down to 50 mHz. Operating parameters were changed at least 30 minutes

before recording the impedance to give the fuel cell enough time to reach an equilibrium state

and to ensure that the recorded information does not reflect a transient state.

3.4 Distribution of Relaxation Times Analysis

Impedance spectra were analyzed using the DRT method. This method can separate and

therefore quantify the contribution of each process occurring at a certain frequency to the

total cell impedance. This separation gives more detailed insight into the behavior of the cell

than the Nyquist plot. The explanation about the fundamentals of the DRT given hereafter

mainly follows the lines of the explanation of Ciucci and Chen185 .

The basic underlying assumption of the DRT method is that the total impedance of the

electrochemical device under investigation constitutes a sum of decaying exponential responses,

see Equation (7).

F−1[ZDRT (f)](t) (7)

Under this assumption, each process has a relaxation time τ , which characterizes the decay

of the response to the EIS stimulus. Consequently, the whole full-cell impedance consists of a

distribution of relaxation times of all processes when they are observed collectively. Equation

(8) shows the mathematical formulation of the distribution of relaxation times.

ZDRT (f) = R∞ +

∞∫
−∞

g(τ)

1 + i2πfτ
dτ (8)

where R∞ and g(τ) are not negative, τ = R · C and ω = 2πf = τ−1. The further steps to

obtain an expression for g(τ) are to discretize the continuous distribution of relaxation times

Page 32



Methodology

g(τ). This is the basis to find specific relaxation times τ for each recorded impedance value,

to regularize the resulting distribution, to fit an irregular distribution to peaks which occur

at the same relaxation time and to reduce the error in the mathematical process. Details of

solving these steps are presented in literature by Ciucci and Chen185 and are beyond the scope

of this thesis.

In other terms, the DRT creates an equivalent circuit model consisting of infinitesimally small

RC elements and groups impedances occurring at similar time constants under one peak. This

peak is typically caused by one process inside the device, however, an overlap may occur.

Thus, the DRT analysis can generate a frequency-resolved spectrum from the impedance

of electrochemical devices and displays single peaks for processes that cause impedance at

different relaxation time constants. The area under each peak can be integrated to quantify

the individual contribution of a specific peak to the total impedance and the resistance and

the capacity can be extracted. Under the circumstance that this peak originates from one

single process, the share of this process relative to the total cell impedance can be quantified.

This allows to display ratios and enables a comparison between different systems.

The DRT analysis can be applied to impedance data with finite impedance moduli, such

as is the case for fuel cells, but not for batteries with an intercalation process. For such a

battery system, the impedance data trends to infinity at low frequencies, hence the data needs

pretreatment to allow a DRT analysis. Figure 16 shows a known electrical circuit (a), the

modeled Nyquist plot (b) and the corresponding DRT spectrum obtained after DRT analysis

(c). The values shown in the legend of the DRT spectrum highlight the accuracy of the DRT

for determining the resistance and capacitance of the components of the given RC elements.

With this method, any number of RC elements, which can result in any shape of a Nyquist plot,

can be quantified. Consequently, any electrochemical device (with a finite impedance) can be

analyzed. As similar relaxation times are grouped under one peak, a critical further step is the

allocation of these peaks to processes inside the cell and to investigate any possible overlap

of different processes occurring at similar relaxation time constants. This is a time-consuming

process and a deep knowledge of the system at hand is necessary.
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Figure 16: a) Electrical circuit with two RC elements. b) Modeled Nyquist plot of the given
electrical circuit. c) Resulting DRT spectrum after Distribution of Relaxation Times
analysis of the modeled Nyquist plot.

For the HT-PEMFC employed in this work, the DRT analysis allows the separation of the

oxygen mass transport overpotential from losses originating from the oxygen reduction reaction

and these can be separated from fast processes occurring at high frequencies. The system under

investigation needs to be understood appropriately and elaborate and extensive DRT analyses

need to be conducted to affiliate any process to a peak in the DRT spectrum. However,

no prior knowledge of an equivalent circuit model is necessary213 . Weiß et al. previously

obtained regularization parameters suitable for analyzing the impedance data of HT-PEMFCs

with the setup used in this work196 . They systematically varied single operating parameters

and observed their impact on the DRT spectrum. This set of parameters was chosen in this

work, as it can clearly distinguish different processes occurring in an HT-PEMFC, which allows

the allocation of the peaks in the spectrum to their corresponding intrinsic loss mechanism.
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The DRT spectrum shows a distinct fingerprint pattern for an HT-PEMFC, which is presented

in Figure 17. It exhibits a large low-frequency peak typically below 20 Hz originating from

mass transport, followed by two peaks allocated to the ORR between 20 Hz and 500 Hz.

Peaks above 500 Hz are linked to high-frequency processes, mainly the proton transport inside

the catalyst layer. The calculation of the DRT was performed using the free MATLAB tool

kit DRT Tools188 .

Figure 17: Fingerprint DRT spectrum of an HT-PEMFC under common operation conditions
(λH2 = 1.8, λAir = 2.0, j = 200 mA cm-2). The main frequency regions are
divided in mass transport (MT, brown), oxygen reduction reaction (ORR, red) and
high-frequency (HF, blue).

3.5 X-ray Visualization Techniques

For this thesis, one of the main methods to characterize the pore space of HT-PEMFCs and

to visualize the electrolyte invasion of the vanadium electrolyte into VRFB electrodes is based

on X-rays. As X-rays interact with the electron cloud of the material, they can travel through

light materials (materials with a low electron density), like the porous carbon electrodes, and

give information about the structure inside the samples. This issue is of critical importance

to gain information about the homogeneity of materials and the discrepancy between surface

behavior and bulk behavior of the electrolyte invasion pattern. The GDL of HT-PEMFCs and

the porous electrodes of VRFBs are well suited for X-ray-based techniques, as the electron

density of the different phases varies strongly, which creates images with a good contrast.

However, the resolution of X-ray-based techniques is not high enough to resolve the porous
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structure of the catalyst layer of the HT-PEMFC. Thus, they are restricted to the GDL or

larger features in the CL, such as cracks. In an experiment, X-rays are typically emitted by

a thermionic tube, the X-ray source, and aligned in parallel to form the incident X-ray beam.

They hit the sample and partially interact with the electron cloud, which leads to adsorption

or deflection and ultimately to an attenuation of the incident beam. The detector sees only

the X-rays, which did not interact with the sample and can resolve the electron density locally.

From this, characteristics (e.g. local thickness, inhomogeneity) can be inferred. A schematic

of an X-ray experiment is shown in Figure 18.

Figure 18: Principle of X-ray-based visualization experiments.

A Bruker Skyscan 1172 desktop µ-CT device was employed to create 3D images of gas diffusion

layers and catalyst layers of HT-PEMFCs and porous carbon felt electrodes of VRFBs. A 3D

scan with the desktop machine takes up to four hours and the sample dimensions are often

limited by the field of view, as the camera of the device moves closer to the sample when a

higher resolution is chosen. At a resolution of 2 µm, the maximum sample size amounts to

5 mm. At lower resolutions of 3-5 µm, the sample can be up to 3 cm wide. The sample size

is relevant, as the Representative Elementary Volume (REV) must be included to conclude

material properties from a scan accurately. The REV is the smallest volume in which internal

parameters of a given homogeneous sample do not vary when obtained in different regions.

Thus, a measurement of the REV will yield a value that is representative of the whole volume.

As movement inside the sample during the scan will cause a blurred 3D image, the slow scan

speed due to the low photon flux limits the desktop machine to static images of dry electrodes.

This effect is comparable to a long exposure time of conventional cameras. Dynamic processes

inside a porous material, such as the distribution of liquid, cannot be recorded with a desktop

scanner, as even a steady-state will show some movement after several hours.

To increase the scan speed, a higher X-ray photon flux is necessary. A synchrotron provides a

photon flux that can resolve dynamic processes and can record 3D images in a matter of sec-

onds. Two main image visualization techniques can be applied at a synchrotron: Tomography

and Radiography. These are explained in the following parts.
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X-ray Micro-Computed Tomography

A tomogram is obtained when a sample is rotated, while 2D snapshots are taken from every

angle around a fixed rotation axis. These 2D images can subsequently be reconstructed to yield

a 3D image of the whole sample, as shown in Figure 19. Typically, one image is recorded every

0.2 ◦, resulting in 1800 single images. The speed of this process is dependent on the photon

flux, which is why recording a tomogram at a synchrotron is significantly faster (≈ 1 min) than

using a desktop device (> 4 h) when a similar signal to noise ratio is desired. Any internal

movement during the rotation and the recording of the image slices will result in a blurred 3D

image. This is why dynamic experiments can be conducted at a synchrotron, as the recording

of a tomogram in between experimental steps does not significantly interrupt the work-flow.

However, a short wait period is necessary to ensure that the sample has reached a steady state.

Consequently, tomograms of dry catalyst layers and dry carbon felts have been recorded using

the desktop µ-CT scanner, whereas the wetting behavior of liquid electrolytes in the porous

electrode of VRFBs has been recorded at a synchrotron.

Figure 19: Basic principle of an X-ray tomography experiment. The detector is recording a
2D image for each rotation step, which results in a 3D image of the sample after
reconstruction.

Page 37



Methodology

X-ray Radiography

A radiogram is a stack of 2D images created by X-rays passing through a sample. In this

case, the sample does not rotate and images are recorded in succession during a dynamic

event in the sample, which is visualized. Depending on the individual experiment, the number

of recorded frames per second varies and is adjusted accordingly. The local intensity of the

attenuated X-rays, which hit the detector, gives insight into the respective electron density in

the beam path at this position. If the dynamic process creates a difference in the local electron

density (e.g. liquid electrolyte replaces air in the pore space), this change can be traced by

radiography. Figure 20 displays the experimental setup of a radiography experiment.

Figure 20: Schematic setup of a radiography experiment. The 2D radiograms are recorded in
temporal succession, the time between each image is ∆t. The radiograms can give
insight into dynamic processes such as liquid movement inside the sample (shown
in blue) or gas bubble formation.

In this work, the wetting behavior of liquid electrolytes in porous VRFB electrodes has been

recorded using X-ray radiography. This process is well suited to be investigated using X-ray

radiography, as a gas (air) is replaced with a liquid (electrolyte). The liquid has a significantly

higher electron density, which increases the contrast of the resulting images. A temporal

resolution of 25 frames per second (∆t = 0.04 s) has been chosen to resolve the progression

of electrolyte in the electrode and to capture the movement of gas bubbles through the pore

space. The Beer-Lambert law can be applied to calculate the local thickness of the electrolyte

in the beam path, which will be explained in greater detail in the following chapter on image

processing.
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3.6 Image Processing

The images obtained by X-ray experiments entail valuable characteristics of the depicted

material and dynamic processes occurring within it. To extract more specific information,

further processing steps are required to quantify the network characteristics. The processing is

dependent on the type of experiment (tomography or radiography) and the kind of information

which needs to be extracted. In this work, image processing has been conducted using the

open-source software tool kit Fiji, which is based on ImageJ, and processing scripts are written

in-house, based on the programming language Python. The network extraction code is written

by Jeff T. Gostick214 .

Background Subtraction

Any image obtained from an X-ray experiment needs dark field correction and flat field correc-

tion. Flat field and dark field images entail the experimental background noise. If unaccounted

for, the background noise will cause severe artifacts in the images, which will result in an am-

biguous interpretation of the results. Thus, 10 flat field images and 10 dark field images are

taken before each recording and another 10 flat field images are taken after the recording

finished. Each of these ten images is then averaged to stabilize the background noise.

A flat field image contains the X-ray beam without the sample in the beam path and can

account for an uneven beam intensity distribution and a beam decay during the experiment.

The beam decay is especially crucial in a synchrotron, where the amount of electrons in the

storage ring decreases over time, which leads to a lower intensity of the recorded images

due to a lower X-ray photon flux. If images are then compared against one another, the

decreased intensity will leave a systematic error in the interpretation. For short experiments,

the exponential beam decay can be approximated to be linear, hence the correction factor

can be calculated for each image recorded within the period during which the flat fields were

taken209 . An uneven beam distribution is equally important to be corrected. Otherwise, the

intensity at different locations throughout the same image cannot be compared.

A dark field image contains the read-out of the camera when no X-ray beam is active. Dark

field correction accounts for possible bright spots in the camera or artifacts caused by the

scintillator. These parameters are typically constant and do not change largely over time, thus

only one series of dark field images are recorded for each experiment.

Recorded image intensities are translated into a matrix containing numeric values that scale

linearly with the intensity in a .tif image file format. This allows mathematical operations

to be conducted with the image values, if the dimensions of the images are the same. The

mathematical formulation of the flat field and dark field correction is shown in Equation (9).

Page 39



Methodology

As the flat field also contains the artifacts of the dark field, the flat field itself needs to be

dark field corrected, too.
image - dark field

flat field - dark field
(9)

In this work, the liquid distribution inside porous materials is investigated. To remove the

electrode and the cell setup from the image and extract only the electrolyte, background

subtraction was applied. The background subtraction is especially important for a quantitative

analysis in which the image needs to contain solely the liquid and no other material, as any

other material will falsify the results. Herein, the subtraction is achieved by the mathematical

operation of division.

During an experiment, a dry electrode is injected with the electrolyte. Thus, dry images

(electrode without electrolyte, before injection) and wet images (electrode with electrolyte,

after injection) are recorded and the wet images are divided over the dry images. This singles

out the electrolyte and results in an image that contains neither the sample nor the setup or

any other static element, as shown in Figure 21. When the difference between a wet image

and another wet image is desired (e.g. the flow rate of the electrolyte is increased), the first

wet image constitutes the background image instead of the dry image. The result then only

contains the change in the electrolyte distribution during the increased flow rate.

Figure 21: Exemplary procedure of the background subtraction, showing a) flat field image,
b) dark field image, c) uncorrected image of a partially filled electrode, d) flat field
and dark field corrected image of the imbibed electrode, e) similarly corrected dry
background image f) image after division (corrected wet image over corrected dry
image, constitutes input for Beer-Lambert law). wet and dry refer to the partially
filled and dry images. The space between the red dashed lines labeled with FF
highlights the flow field, C and R show the flow channels and ribs.
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The process of subtracting the dry background helps to visualize the liquid and enables the

quantitative analysis of the electrolyte thickness within the beam. At this point, the only

element which is attenuating the beam in this new image (I/I0), is the electrolyte. This image

constitutes the input for the Beer-Lambert law208 , as described in the following chapter.

Beer-Lambert Law

The attenuation of an X-ray beam passing through matter can be expressed by the Beer-

Lambert law, shown in Equation (10).

I = I0 exp(−µd) (10)

where I is the intensity of the attenuated beam, I0 is the incident beam intensity, µ is the

attenuation coefficient of the material the beam passes through and d is the thickness of the

attenuating material. In this work, the material is the electrolyte inside the porous electrode

and the degree to which the electrolyte saturates the pore space can be expressed by solving

Equation (10) by the thickness d.

d = − ln

(
I

I0

)
µ−1 (11)

Here, the intensity of the background-subtracted image (I/I0) can be inserted in the equation.

This can be solved for each pixel in the background-corrected image to give the local thickness

of the electrolyte in the beam path. Hence, the local saturation can be calculated and averaged

over the electrode to result in the electrolyte saturation of the porous electrode in a given image.

With this methodology, the influence of various parameters (e.g. flow rate of the electrolyte,

compression, surface composition, porosity of the electrode) on the wetting behavior of porous

electrodes can be quantitatively investigated.

3.7 Pore Network Modeling

Pore network modeling is an easy and quick method to model flow through a capillary force

dominated flow regime in a three-dimensional pore network. It requires low computational

effort and is thus easy to employ for calculating and predicting the wetting behavior of liquids

in a porous material. In this work, PNM has been applied to predict the wetting behavior

of carbon felt electrodes for VRFBs and to understand the effect of the pretreatment of

carbon felts and the effect of compression on the pressure drop and the saturation. The

program managing the pore network modeling is called OpenPNM and is an open-source
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software package based on the programming language Python215 . The input for pore network

modeling is a three-dimensional network of interconnected pores with an ascribed diameter.

The flow from pore to pore happens along the pore connections, which are also ascribed a

diameter, and follows the path of least resistance. In such a network, this resistance is the

capillary pressure necessary to fill a given connection between two pores.

The network itself is created by pore network extraction. It describes the process of creating

a three-dimensional network of interconnected pores with defined diameters from a 3D image,

such as a µ-CT, as shown in Figure 22. The volume of the image needs to be separated into

solid space (material) and void space (pores). This process is called segmentation and can be

achieved using the open-source tool kit Fiji, based on the image processing software ImageJ.

The first step is to apply a threshold to a greyscale image. This groups a region to either

solid or void, depending on the greyscale value of each voxel, which then creates a binary

image (contains only values of 0 and 1), where 0 is void and 1 is solid material. Following the

thresholding, filters and noise reduction are applied to reduce non-physical pore allocations and

to improve the image quality. Then, a watershed algorithm written by Gostick214 is applied

to group connected void voxels into a pore and a spherical approximation yields the pore

diameter. The watershed algorithm finds constrained connections between two pores, which

result in so-called throats. These throats connect the pores and are ascribed a diameter, which

is the narrowest part between the pores. Thus, the throats constitute the limiting factor when

simulating transport through the pore network. An example of thresholding a tomogram and

creating a pore network is shown in Figure 22.
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Figure 22: a) Left: One slice of a 3D greyscale image of a carbon fiber network visualized
using X-ray µ-CT. Right: A segmented (binary) image obtained by applying a
threshold to the greyscale image. b) Schematic representation of the creation of a
pore network from a 3D network. Left: 3D structure obtained by a binary image.
Center: Spherical pores created by a watershed algorithm inside the 3D network.
Right: Pore network. c) Left: Basic principle of pore connectivity in a pore network.
Pn are individual pores and Tn1,n2 are throats connecting the pores. All pores and
throats are ascribed a diameter from which the capillary pressure can be calculated.
Right: Example of a flow simulation through a porous network. Only filled pores are
shown. The color corresponds to the algorithm steps at which the pores were filled,
from dark (pores are filled at the beginning of the simulation) to light (pores are
filled at the end of the simulation). b) and c) are adapted (as author) from Banerjee
et al.216 , Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND
4.0), https://creativecommons.org/licenses/by-nc-nd/4.0/.
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As the pore diameters and the throat diameters are typically between 3 µm and 100 µm,

a capillary force dominated flow can be expected (Capillary numbers Ca � 1). Thus, the

invasion-percolation algorithm for simulating liquid transport through such a pore network can

be applied. For this algorithm, a starting point (one or several pores connected to a reservoir)

needs to be defined. The algorithm fills the connected pores by comparing the throat diameter

of every available connection to filled pores. Then it follows the path of least resistance along

larger throats with lower capillary pressure. Following this principle, the pore network will be

filled until a predefined condition is met, ending the simulation. Frequently, the filling of a

pore on the opposite side of the network constitutes the end of the simulation, as a connected

pathway through the whole network is established.

Further parameters can be obtained by pore network modeling. Effective values for diffusion

and permeability can be obtained, which can be directly compared with other porous materials.

Besides, the model is highly flexible, as parameters such as the contact angle can be adjusted

to simulate the flow in pristine and pretreated porous electrodes to highlight the impact of

thermal activation.

3.8 Further Morphology Characterization Techniques

Scanning Electron Microscopy

Scanning electron microscopy can visualize the porous structure of catalyst layers and the

carbon fibers of VRFB electrodes and provide information in the nanometer range. As both

investigated systems are electronically conductive, they qualify for SEM imaging. A resolution

of 5 nm is sufficient to visualize even the small carbon flakes in the support material of the

fuel cell catalyst and the surface of carbon felts for RFBs. However, SEM yields only a

qualitative characterization of the surface of the porous material. Thus, FIB-SEM was applied

to create a 3D image of the pore space of HT-PEMFC catalyst layers. The 3D image was

then further analyzed to obtain quantitative information about the pore connectivity, the pore

size distribution and the porosity of the material. The quantification is further explained in

Chapter 3.7. The working principle of FIB-SEM is that a Gallium ion beam sputters the

surface of a material to obtain information about the layers beneath the surface, in this case,

specifically the porous structure of the bulk material. To create a 3D FIB-SEM image, the

ion beam sputters away the surface while 2D SEM images are being recorded of each layer.

Stacked upon one another, they create a 3D image of the material. This so-called FIB-SEM

nanotomography was first applied to fuel cell catalysts217 . Figure 23 shows the methodological

approach at the example of an HT-PEMFC catalyst layer.
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Figure 23: a) Micrometer scale 3D image of an HT-PEMFC catalyst layer obtained using
µ-CT. This image highlights the difference in the scale. b) Nanometer scaled
image of a carbon flake in an HT-PEMFC catalyst obtained via SEM imaging.
c) Sample 2D image slice obtained during FIB-SEM sputtering. This image dis-
plays the cross-section of the area outlined in red in the center image. When
a 2D image is recorded after each sputtering step and they are stacked on top
of each other, a 3D image is obtained. As author adapted from Bevilacqua et
al.218 , Attribution-NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0),
https://creativecommons.org/licenses/by-nc-nd/4.0/.

As the HT-PEMFC catalyst layer exhibits a hierarchical pore structure, with pores in the

micrometer range and the nanometer range, a suitable carbon flake for sputtering needs to

be selected. The distance between these carbon flakes (Fig. 23 b) is within the micrometer

range, whereas the porosity of the flake itself is within the nanometer range. For this method,

the nanometer scale is the range of interest. The SEM zooms in onto such a carbon flake and

the FIB sputtering is initiated. Each layer is recorded by the SEM and layer by layer; a 3D

image can be obtained for further analysis.

Sorption Experiments

Sorption experiments yield information about the pore space of materials inside the bulk and

on the surface. They contain information about the shape of the pores (elongated, spherical,

cylindrical, open, or closed-off pores) by the shape of the hysteresis in the isotherm. Further,

they can quantitatively characterize the pore space, creating a pore size distribution, the

surface area and the pore volume of the pores within a given material. These parameters help

to link the pore characteristics to diffusion and flow inside the porous material. In this work,

sorption experiments were used to obtain pore size distributions and pore volume information

of catalyst powder for an HT-PEMFC in the nanometer range to explain the differences in

the mass transport of catalysts. These measurements complement the pore network modeling

and confirm the pore size distributions obtained by X-ray µ-CT. As the common Brunauer-

Emmett-Teller (BET) analysis of sorption experiments is inaccurate at small pore diameters

(typically below 20 nm), qualitative data was extracted using DFT on cylindrical pores as an

approximating method.
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3.9 Design of a Redox Flow Battery for X-ray Visualization

Ex situ visualization experiments have been done in Publication 1 of this thesis. The sample

holder employed in this publication is shown in Figure 24. It contains a cylindrical sample

volume with a diameter of 3 mm and the thickness can be varied to adjust the level of

compression. Liquid electrolyte can be injected into the sample through an inlet hole with a

diameter of 0.25 mm, located at the center of the sample region (Fig. 24 a). The compression

can be controlled by stacking metal washers or incompressible polyethylene naphthalate (PEN)

sheets to the desired height of the sample volume, as shown in Figure 24 b). The electrolyte

(shown in orange) is controlled with a syringe pump and the flow rate can be varied throughout

an experiment. This ex situ setup works well to resolve basic wetting behavior of electrolyte

in porous electrodes. However, electrochemical control is not possible in this setup and the

presence of real flow fields cannot be simulated. To overcome these limitations, a new RFB

cell design for operando X-ray visualization experiments is presented in Figure 25.

Figure 24: a) Detailed schematic of the sample volume in the ex situ sample holder. b)
Compression mechanism and depiction of electrolyte flow.
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The new cell shown in Figure 25 was designed specifically with synchrotron X-ray visualization

experiments in mind. It is built with thin and light materials (low electron density) such

as PTFE, acrylic, or carbon to allow X-rays to travel through the cell without limiting its

operability. Figure 25 shows a schematic of the cell design. Furthermore, the design allows

electrochemical control and is tunable to accommodate for various changes, such as electrode

material, flow configuration, compression.

Figure 25: Redox Flow Battery designed specifically for X-ray visualization experiments.

The strength of the design of the cell shown in Figure 25 lies in its versatility and flexibility. The

following components can be quickly exchanged and adjustments for individual experiments

can be made:

• Porous electrodes (different materials, pretreatment)

• Carbon flow fields (serpentine, interdigitated, flat)

• The frame around the electrodes (compression)

• Membrane (thickness, ion conductivity)

• Half-cell and full-cell setup possible

All defining components of the RFB cell can be adjusted to individual experiments. The only

fixed parameter is the active area of the cell (length and width of the electrode). However,

the thickness is adjustable by exchanging the frames, which are housing the electrodes. This
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feature allows to measure electrodes of varying thickness and to adjust the level of compression.

Electrochemical experiments can be performed with the cell as well, as it can be connected

to a potentiostat during visualization experiments. Effects of applied potentials and current

densities on the saturation of the pores with electrolyte can be observed and full charge and

discharge cycles can be run while the cell is being visualized in the X-ray beam. Further, gas

bubble formation and the impact of the flow rate on the liquid distribution within the cell can

be investigated. When connected to an external pressure transducer, the pressure drop can

be recorded and linked with electrolyte flow inside the porous electrode.

3.10 Vanadium Electrolyte Preparation and Surface Activation of

Carbon Electrodes

Vanadium electrolyte was prepared by dissolving 0.1 M VOSO4 in 2 M H2SO4. This electrolyte

subsequently underwent oxidation and reduction in an operating VRFB to produce the desired

vanadium oxidation state. Firstly, the battery was charged until a low charging current is

obtained, which indicates a satisfactory state of charge. This yielded the V(III) and the V(V)

electrolyte species. After exchanging the V(V) electrolyte with V(IV) and performing an

additional charge cycle, V(II) was obtained. These species were bottled under argon gas and

injected in the porous electrodes for wetting experiments.

The carbon felt electrodes underwent surface activation to enhance the number of surface end

groups, which improves the wetting behavior. Activation was conducted under an air atmo-

sphere at 400 ◦C. This treatment introduced functional surface groups on the carbon fibers,

such as C–O–H and C=O end groups143 ,147 ,148 , which renders the carbon felt more hydrophilic

and thereby enhances the wettability of the pore space in the electrodes tremendously.
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4 Cumulative Part

The work conducted in this thesis led to 12 peer-reviewed journal articles and 2 conference

proceedings (Publications 4 and 5). Firstly, a list containing all manuscripts is given. Their

content is briefly outlined in Section 4.2. Lastly, the full journal articles are presented and each

publication is preceded with the individual contributions of each co-author to the manuscripts.

4.1 List of Peer-Reviewed Publications and Proceedings

1. Visualization of electrolyte flow in vanadium redox flow batteries using syn-

chrotron X-ray radiography and tomography – Impact of electrolyte species

and electrode compression
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4. Phosphoric Acid Distribution Patterns in High Temperature PEM Fuel Cells

Bevilacqua N., George M.G., Bazylak A., Zeis R., ECS Transactions, 80, 409 (2017)

doi: 10.1149/08008.0409ecst.

5. Comparing Novel PGM-Free, Platinum, and Alloyed Platinum Catalysts for

HT-PEMFCs

Bevilacqua N., Gokhale R., Serov A., Banerjee R., Schmid M., Atanassov P. and Zeis

R., ECS Transactions, 86, 221 (2018) doi: 10.1149/08613.0221ecst.
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Their Activity and Electrolyte Utilization in Vanadium Redox Flow Batteries

Fetyan A., Schneider J., Schnucklake M., El-Nagar G.A., Banerjee R., Bevilacqua N.,
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4.2 Topical Summary

The scientific manuscripts can be split into two broad categories: HT-PEMFC and VRFB. In

the first part, the manuscripts concerning the HT-PEMFC will be outlined. The subsequent

section will cover the manuscripts on VRFBs.

High-Temperature Polymer Electrolyte Membrane Fuel Cell

Publications 2 – 5, 9, 10, 13 and 14 are related to the phosphoric acid distribution inside

HT-PEMFCs. Publications 4 and 9 treat the impact of the presence of cracks on the acid

distribution in the MEA of the cell. X-ray imaging was applied to determine the morphology of

the investigated materials and operando X-ray imaging experiments were performed to observe

the filling of cracks inside the porous CL and MPL. Not only was the presence of cracks found

to be critical to the distribution of phosphoric acid inside the MEA, but also the connectivity

of the cracks was essential in the progression of acid into the MPL and, subsequently, the

GDL. PNM was used to confirm that a crack-free MPL acts as a barrier to the transport of

liquid phosphoric acid and that a crack-free MPL is beneficial for retaining the acid inside the

CL.

Publication 2 is a detailed paper about the novel DRT method to analyze impedance data of

HT-PEMFCs. It offers insight into the cross-correlation between the anode and the cathode,

which influence each other by their respective half-cell potential. With a sophisticated reference

electrode setup, the anode was found to contribute merely 2% to the total cell impedance.

The addition of carbon monoxide and nitrogen in the anode fuel gas was found to impact the

ORR resistance on the cathode merely by the increase of the anode cell potential and this

correlation is not the result of gas crossover to the cathode or proton deficiency inside the

cathode CL. Furthermore, the dilution of phosphoric acid via reactant gas humidification was

found to impact specific peaks in the DRT spectrum. The origin of these peaks was previously

unknown, and Publication 2 offers strong evidence of their connection to the acid distribution.

The DRT method has been applied to investigate various types of catalysts. In Publications

3 and 5, a Pt3Co catalyst and a platinum-free Fe-N-C catalyst were investigated using EIS

coupled with the DRT analysis. The increased performance of the Pt3Co catalyst was found

to be caused by both an enhanced ORR activity and fewer small pores in the nanometer scale.

The latter improves the distribution of phosphoric acid and oxygen mass transport through

the material. Further, the lower ORR activity of the Fe-N-C catalyst renders diffusion in pores

in the nanometer scale more important. Poor oxygen diffusion was observed in this type of

catalyst and the single-atom active sites exacerbate the diffusion limitation. The performance

of the Fe-N-C catalyst was mainly hampered by hindered mass transport.
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In Publication 10, an entirely electrospun GDE without an additional GDL was introduced as

the cathode material for HT-PEMFCs. The electrospun carbon fibers exhibit a larger pore size

than the carbon-black supported catalysts employed in conventional HT-PEMFCs. Hence, a

lower mass transport resistance and improved wetting of the phosphoric acid were verified with

the DRT method. Despite the observed flooding of the electrode, a smaller mass transport

resistance was observed. The increased platinum efficiency led to an increased power density

by 21% when normalized to the platinum content. This concept proves to be a promising

approach to alleviate the oxygen diffusion limitation in HT-PEMFCs.

In Publication 13, the surface of a conventional carbon-black supported CL was doped with

NHx end-groups, which are expected to interact with the invading phosphoric acid during the

conditioning of an HT-PEMFC. The interaction was traced using the DRT method. This

study shows that introducing just 0.2% NHx end-groups helps fill the porous structure of the

GDE with phosphoric acid. However, to fine-tune the acid distribution in the GDE over longer

periods of cell operation will be challenging using these types of support.

Lastly, Publication 14 presents an NMR study in which the chemical shift caused by the

delocalized electrons of carbonaceous six-ringed structures was used as a measure to determine

the imbibition of phosphoric acid into porous carbon materials with varying pore structures.

This study offers vital insight into the distribution of phosphoric acid and indicates that the

small nanometer-sized pores are indeed in contact with phosphoric acid and can thus contribute

to the performance of the HT-PEMFC.

Vanadium Redox Flow Battery

Publications 1, 6 – 8 and 11 are thematically related to the electrolyte distribution in VRFBs.

Publications 6 – 8 showcase the potential of X-ray µ-CT coupled with PNM in predicting and

explaining the flow behavior of electrolytes inside a porous electrode of VRFBs. In Publication

6, PNM was applied to explain the experimentally observed low performance of an electrospun

electrode by performing flow calculations inside 3D reconstructed networks. The pore size

distribution showed that the electrospun material exhibits more pores with a significantly

smaller pore diameter. Diffusivity, permeability and capillary pressure were calculated inside

the electrospun material and compared to conventional electrodes and it was found that the

pore structure inhibited the mass transport of the electroactive species.

Publications 7 and 8 offer a detailed investigation of commercial porous electrodes for VRFBs

via PNM and a detailed compression study. From reconstructed networks based on X-ray µ-CT

images, the model highlighted the differences in flow parameters of each structure including

the impact of thermal surface activation on the flow pattern. These metrics could then be

related to the invasion pressure, which constitutes an essential factor in the overall system
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efficiency of VRFBs. Finally, these results were compared to results from electrolyte invasion

experiments conducted at a synchrotron and it was found that the model can predict the basic

flow characteristics in porous electrodes.

Publications 1 and 11 entail synchrotron studies of the invasion of electrolyte into porous

electrodes. In Publication 1, an ex-situ injection setup was employed to investigate the effect

of thermal activation on the wetting of electrodes with different vanadium electrolyte species.

It was found that the electrolyte containing V(III) exhibits the highest saturation with over

90% at low flux. Further, an increased flow rate was observed to wet areas that remained

dry at a lower flow rate. Thus, edge-effects close to the wall of the sample holder can be

overcome by a higher flow rate. Lastly, it was observed that even at high flow rates, trapped

air bubbles remain in the wet electrodes, which can impact the lifetime of VRFBs, as trapped

air can corrode the electrode due to local voltage inhomogeneity.

In Publication 11, a fully functional VRFB specifically designed for synchrotron X-ray visual-

ization experiments is presented. This design is capable of full-cell or half-cell measurements

and can employ various electrode materials under different levels of compression and at a vary-

ing flow rate. The impact of potential cycling on the saturation of the cell was investigated

and it was found that the effect can be resolved via X-ray synchrotron imaging techniques.

Furthermore, the hydrogen evolution was induced by applying a potential of -0.3 V vs. SHE

to the cell. The evolution of gas bubbles was then tracked via X-rays. This flexible cell design

is a powerful tool to investigate the operando flow behavior of a VRFB.

Finally, in Publication 12, the Lattice-Boltzmann Method was applied to model the electrolyte

flow into porous carbon felts. The 3D structure of the felts were extracted by X-ray µ-CT.

This study applies a sophisticated flow simulation in porous electrodes under varying levels

of compression to obtain effective transport properties for reactive species. Furthermore, the

electrical conductivity of the electrode and across the electrode-flow field interface was cal-

culated. Areas of high stress were highlighted in a dynamic compression simulation using a

finite-element analysis of 3D FIB-SEM images. Lastly, all these methods were combined to

predict the concentration gradient along the flow field during operation. This gradient con-

sidered both electrical conductivity and transport properties. It includes the induced pressure

drop and the trade-off between improved electrical contact under high levels of compression

and improved reactant transport under low levels of compression.

4.3 Manuscripts

In the following, the scientific manuscripts are presented including information about the

individual contributions of each author to the respective manuscript.
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Visualization of electrolyte flow in vanadium redox flow batteries using 
synchrotron X-ray radiography and tomography – Impact of electrolyte 
species and electrode compression 
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H I G H L I G H T S  

� Liquid electrolyte progression front through porous electrode. 
� X-ray tomography shows the occurrence and displacement of air bubbles. 
� Wettability of carbon felt electrode plays a major role in saturation. 
� V(III) exhibits the highest saturation. 
� Quantitative study shows compression dominates pressure drop vs. vanadium species.  

A R T I C L E  I N F O   

Keywords: 
Synchrotron 
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Vanadium redox flow battery 
Wetting behavior 

A B S T R A C T   

The electrolyte distribution inside the porous electrodes of vanadium redox flow batteries is critical to the 
performance, as it determines the electrochemically active surface area. Herein, the influence of thermal acti-
vation, compression, and the injected electrolyte species on the pressure drop and the wetting is investigated by 
means of synchrotron X-ray radiation. The saturation versus the through-plane position is quantitatively dis-
played as a function of time to resolve the wetting process. The initial state after the imbibition is then quan-
titatively compared to the saturation after flow-through conditions. It was concluded that thermal activation 
plays a major role in the wetting, resulting in an up to six times higher saturation. Only a minor increase in 
saturation between the initial wetting state and after flow-through was observed. Additionally, there are only 
minor differences in the wetting behavior between the vanadium species in the electrolyte, the V(III) electrolyte 
shows the highest saturation. Increasing compression leads to a higher pressure drop and the saturation decreases 
only at compression ratios higher than 50%. Air pocket formation inside the liquid column was observed and the 
displacement and re-emergence of air pockets after flow-through is displayed.   

1. Introduction 

Over the past decades, Vanadium Redox Flow Batteries (VRFBs) have 
gained considerable attention as the implementation of renewable en-
ergies into the grid demands the availability of peak-shaving technolo-
gies, such as large-scale batteries to ensure the stability of the grid [1]. 

One particular advantage of an RFB is the decoupling of energy capacity 
and power density. The amount of stored energy is based on the size of 
the tanks, whereas the power density depends on the active area of the 
battery stack [2,3]. 

The redox reactions, which convert energy inside the VRFB, take 
place on the surface of a porous carbon electrode, through which the 
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electrolyte is pumped or transported by diffusion, depending on the flow 
field design [4]. Flow-through operation means that the electrolyte is 
forced through the porous electrode by disconnected or absent flow 
channels, whereas flow-by operation implies connected flow channels. 
In flow-by mode, the electrolyte transport into the electrode happens 
mostly due to diffusion. Thus, the wettability of the carbon electrode is 
critical to the performance of the battery, as it determines the electro-
chemically active surface area (ECSA) [5,6]. Visualizing the flow 
behavior inside the porous electrodes is vital to understand the loss 
mechanisms and to optimize the performance [7]. While a larger ECSA 
allows a higher reaction rate, optimizing the mass transport ensures that 
the reactants are transported to the reaction sites quickly. This simul-
taneously decreases the pumping losses of the battery, increasing the 
overall efficiency of the system [8–11]. 

Optically transparent cells can be employed to visualize the flow on 
the surface of the porous electrode and track the reaction by redox- 
active fluorescence of trace molecules via Ultraviolet–Visible light 
(UV–Vis) spectroscopy in a two dimensional way [12]. A 
three-dimensional approach using photons which cannot penetrate the 
electrode requires a complicated cell design, favoring methods with 
photons able to pass through an enclosed cell. X-rays and neutron beams 
are able to visualize an enclosed cell, resolve the structure of the porous 
electrodes, and trace the flow inside the pore space using neutron or 
X-ray radiography and tomography. However, tracking the reaction 
locally is difficult with these methods, as they are unable to locally 
distinguish between reaction educts and products. Three-dimensional 
techniques enable an insight into the fluid dynamics and the mass 
transport of the reactants inside the opaque electrodes from the supply 
channels to the electrochemically active sites and can resolve re-
strictions in liquid movement inside the porous carbon felts. The flow 
behavior of the electrolyte inside the porous electrode is closely related 
to the liquid water transport in a polymer electrolyte membrane fuel cell 
(PEMFC), thus parallels can be drawn between the experimental 
approach in this field and in the field of VRFBs. Flow behavior of 
PEMFCs has already been studied by various groups using neutron [13, 
14] and X-ray based [15–22] techniques and to complement the visu-
alization of the flow behavior, multiple modeling approaches have been 
performed in recent years [23–25]. They offer a well-suited approach to 
the study of redox flow batteries, especially regarding the validity of 
these methods [26,27]. 

Trogadas et al. recently highlighted the importance of X-ray to-
mography, especially in combination with X-ray photoelectron spec-
troscopy (XPS), when examining the degradation processes in the VRFB 
electrode [28]. They revealed fiber agglomeration and carbon oxidation 
using reconstructed 3D X-ray micro tomography images and XPS. Jervis 
et al. applied X-ray computed tomography to investigate the influence of 
compression on the structure of commercially available carbon felt 
electrodes with respect to fiber-fiber contact, porosity changes 
throughout the electrode, and the tortuosity of the carbon felt. They 
report a non-uniform porosity profile under compression with a lower 
porosity at the compressing sides [21]. Greco et al. investigated porous 
carbon electrodes, which were pretreated at different temperatures and 
applied X-ray tomography to investigate the influence of the activation 
temperature on the structure and changes in wettability of the electrode 
[5]. They found opposing trends, as the ECSA decreases with increasing 
thermal activation temperature, which has a negative effect on the 
performance of the cell. However, the higher surface oxygen content is 
beneficial to the wetting properties of the electrodes. They conclude an 
optimum activation temperature at 475 �C. Eifert et al. present a 
detailed XPS study of the surface structure of a carbon felt electrode and 
conclude that the surface oxygen content decreases from 24% to 19% 
and that the nature of the carbon-oxygen bond shifts toward single bond 
during thermal pre-treatment [29]. Tariq et al. applied X-ray tomogra-
phy to discern the wetting behavior of electrolyte inside a previously dry 
carbon paper and found that a strong anisotropy of fibers leads to an 
uneven progression front in the form of preferred liquid pathways along 

the electrode fibers, leaving large pore spaces dry even under pressur-
ized flow, which might accelerate the local degradation [22]. Further, 
neutron-based radiography has been performed on VRFBs by J. T. 
Clement, who applied this technique to locally investigate the perfor-
mance and the mass transport limitation of various electrode materials 
and to visualize gas evolution [30]. 

Additionally, the pressure drop in a redox flow battery is a useful 
parameter to determine the overall efficiency of a system, as it is a direct 
measure of one part of the parasitic pumping losses. A lower pressure 
drop leads to lower pumping losses, which decreases the ancillary losses 
of the stack [31,32]. The influence of several parameters on the pressure 
drop was studied by various groups [10,33–37]. Xu et al. compared 
redox flow batteries with and without a flow field and showed that the 
pressure drop at lower flow rates is lower in the presence of an engi-
neered flow field [10]. They further presented a detailed modeling study 
about the State of Charge (SoC) dependent dynamic viscosity change of 
the electrolytes in both half-cells and modeled a decreasing pressure 
drop for an increasing SoC [37]. Latha et al. present data on the tem-
perature dependence of the pressure drop and show that the pressure 
drop decreases at higher temperatures due to a lower electrolyte vis-
cosity [38] and together with Reed et al., they conclude that the inter-
digitated flow field design is beneficial for a flow-through system [34]. 
Houser et al. presented an extensive evaluation of the influence of the 
flow field architecture on the performance, the pumping loss, and the 
overall efficiency of the flow battery. They found that high-performance 
systems can be designed in a way to minimize the pumping loss so that it 
is not the major loss mechanism, even while operating at high current 
densities. However, the flow field design itself is the major factor in the 
pressure drop [33]. Pressure drop data can be measured with a high 
degree of accuracy and precision and can be a useful tool for diagnostics 
[33,39,40]. However, the root cause of an increased pressure drop can 
be investigated via other means to be correlated to the flow behavior of 
the electrolyte inside the porous electrode. 

This study aims to find beneficial effects on the saturation of a VRFB 
electrode by visualizing electrolyte wetting and quantifying saturation 
and pressure drop via injection of vanadium electrolytes species in 
different oxidation states into porous carbon electrodes with varying 
compression. Three-dimensional and two-dimensional X-ray based 
visualization techniques were performed to investigate the impact of 
thermal pre-treatment of carbon felt electrodes on the wetting behavior, 
the saturation, and the changes of the ECSA inside the porous electrode. 
The influence of compression and the electrolyte vanadium species on 
the initial wetting behavior, the saturation, and the pressure drop was 
analyzed and a parametric approach was performed to identify the 
impact of each effect. Both, quantitative and qualitative data are pre-
sented to highlight the effect of each parameter and for each test series, 
one quintessential set of results is presented, where similar effects were 
observed in a whole set of experiments. 

2. Experimental 

To investigate the effect of thermal activation (400 �C, 25 h), 
deionized water and 2 M sulfuric acid were injected into pristine and 
pre-treated carbon felt electrodes. A syringe pump was used to control 
the flow rate. Further, each vanadium electrolyte species (V(IV), V(V), V 
(II), V(III), all 0.1 M in 2 M H2SO4; the Roman numeral in brackets sig-
nifies the oxidation number of the vanadium species) was injected into 
dry activated carbon felt electrodes under different levels of compres-
sion (25%, 50%, and 70% reduction in thickness). After the initial in-
jection at 15 μl min� 1, a continuous flow at 30 μl min� 1 was simulated 
for 300 s. Liquid movement in the sample was recorded via X-ray radi-
ography, steady states were captured by X-ray tomography. Throughout 
the whole procedure, the flow pressure at the inlet was measured. This 
way, pressure data and saturation values after the imbibition and after 
continuous flow-through of the electrolyte were obtained for each 
combination of electrolyte species and compression ratio. The 
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experiments were performed at two separate synchrotron beamlines, the 
Canadian Light Source (CLS, Saskatoon, Canada) and the Karlsruhe 
Research Accelerator (KARA, Karlsruhe, Germany). 

2.1. Injection and saturation experiments 

To investigate the invasion behavior of the electrolyte, and the 
saturation during flow-through conditions, an injection device devel-
oped in-house was employed. The device is shown and explained in 
greater detail in earlier work, and it is constructed with a 0.45 mm flow 
channel on top of the sample chamber, which is functioning as an outlet 
[26]. Commercially available carbon felts (SIGRACELL® GFA 6 EA) 
from SGL Carbon (Meitingen, Germany) were thermally activated by 
preparing them in an oven under an air atmosphere at 400 �C for 25 h. 
This method introduces functional surface groups on the carbon fibers 
and increases the wettability of the carbon felt [29,41]. The verification 
of the change in wettability was achieved by injecting liquid into 
non-activated samples for comparison, as described in Section 3.1. The 
carbon felts were cut into a cylindrical shape with a diameter of 3 mm 
and mounted in the sample holder specifically designed for X-ray radi-
ography and X-ray tomography experiments. A sketch of the sample 
holder is shown in Fig. 1 a). A syringe pump (Harvard Apparatus Model 
‘11’ plus) was connected to the electrolyte flow pipe on the stainless 
steel base of the sample holder to control the flow. The compression can 
be controlled by stacking stainless steel washers and incompressible 
polyethylene naphthalate (PEN) sheets (thickness verified by micro-
meter). The outer shell (dark gray) can be lifted independently from the 
inner shaft (light gray), which contains the electrolyte flow pipe. This 
way, the distance of the thin top part of the inner shaft to the screw-in 
top part equals the height of the stacked washers and PEN sheets and 
the desired compression can be variably chosen. The lowest compression 
was set to be a reduction of 25% in thickness compared to the thickness 
of the uncompressed felt, as it ensures a proper fit of the felt inside the 
sample holder without encouraging liquid flow around the sample in 

contact with the walls of the sample holder. A compression of at least 
25% is also beneficial in a cell setup, as it ensures adequate electrical 
contact of the electrode with the flow field collecting the current [21, 
42]. Further, carbon felts compressed to 50% and 70% of their original 
thickness were investigated. The diameter of the inlet hole of the in-
jection device, through which the liquid is pushed into the electrode, 
amounts to 0.25 mm. A close-up of the volume containing the electrode 
sample is shown in Fig. 1 b) and highlights the electrolyte inlet and 
outlet in greater detail. The outlet is designed to simulate a flow channel 
of a bipolar plate. Fig. 1 c) shows a representative pressure curve ob-
tained by live monitoring the pressure during the injection. It displays 
the sequential procedure of the experiment, beginning with the initial 
set up of the starting condition, in which the liquid was pumped into the 
sample holder until it was close to the carbon felt at a through-plane 
position of x ¼ 0.0 (A). When the liquid was between 5 and 10 mm 
away from coming in contact with the electrode, the flow was stopped to 
ensure that any residual overpressure was equilibrated and no further 
movement was detected. This process was controlled by X-ray live im-
aging and pressure monitoring (A-B). Before any liquid was injected into 
the electrode itself, a tomogram of the dry sample, further referenced as 
the dry scan, was recorded. After that point, the syringe pump was 
restarted with a flow rate of 15 μl min� 1 (B). Before the imbibition, a 
pressure build-up was observed during which the liquid was touching 
the surface of the carbon felt at a through-plane position of x ¼ 0.0 (B–C) 
and the subsequent wicking of the liquid into the electrode corre-
sponded with a steep pressure drop (C). At this point, the flow was 
immediately stopped and the pressure was allowed to equilibrate, which 
corresponds to the displacement of previously dry air pockets until no 
further movement in the sample is seen in the live imaging (C-D). The 
pressure build-up, the imbibition, and the first period of the equilibra-
tion are recorded as a radiography image stack with a frame rate of 12.5 
(CLS) and 25.0 (KARA) frames per second (fps) for further quantitative 
analysis of the electrolyte invasion process. Once this steady state was 
reached, a second tomogram of the wet felt was recorded, further 

Fig. 1. a) Schematic drawing of the sample holder 
with special emphasis on the method of compres-
sion. The outer shell (dark gray) can be lifted inde-
pendently from the inner shaft (light gray), which 
contains the electrolyte flow path, thus managing a 
controlled compression. b) Close-up of the volume 
containing the carbon electrode visualized in the 
experiments. c) Sample pressure curve recorded 
during the injection of electrolyte into porous carbon 
fiber. A–B: Pressure equilibration. B–C: Pressure 
build-up before imbibition (Point C) at 15 μl min� 1. 
C–D: Pressure equilibration before flow-through. 
D–E: Flow-through at 30 μl min� 1.   
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referenced as the wet scan. After the second tomography scan, 
flow-through conditions were simulated by setting the flow to 
30 μl min� 1 (D) for an additional 300 s (D-E), which was recorded via 
radiography. Another relaxation period was allowed and finally, the 
third tomogram was recorded to analyze the difference between the 
wetting before and after simulating flow-through conditions. After each 
completed injection experiment, the sample holder was dried off 
completely using compressed air and the sample was replaced, even 
when only switching to a higher compression ratio. This was done to 
ensure a completely dry starting point for each experiment and to 
eliminate hysteresis within the drainage and imbibition process. 

2.2. Technical data of the synchrotron X-ray imaging 

This work contains the results from two synchrotron facilities. Water 
and sulfuric acid were used as the invading electrolytes and the effect of 
carbon felt activation on the pressure drop and the saturation was 
investigated at CLS. Radiograms and tomograms were obtained at the 
Biomedical Imaging and Therapy Bending Magnet (BMIT-ID) 05ID-2 
beamline at the Canadian Light Source Inc [43]. Radiograms were ob-
tained at 12.5 fps and 80 m s exposure time at an effective pixel size of 
6.5 � 6.5 μm. The beam energy was 30 keV at a current ranging between 
150 mA and 220 mA. The transmitting photon flux was captured by a 
10 μm thick Gadox scintillator screen coupled with a CMOS camera 
(OCAR-Flash 4.0, Hamamatsu Photonics, Shizuoka, Japan). Tomograms 
were recorded by taking dark and flat field images prior to each scan and 
then rotating the sample 180� around its vertical axis, taking 1250 im-
ages, one image every 0.14�. These images were subsequently recon-
structed using the software NRecon (Bruker Corporation, USA) and 
converted into a three-dimensional grayscale image stack. After the data 
analysis was completed, thresholds were applied to omit noise in the 3D 
images and the contrast was enhanced to discern the multiple phases 
using the open-source imaging tool package FIJI® (based on ImageJ). 
The region around the sample resulted in bright artifacts when the 
background image was factored in. These bright spots were removed 
with the standard black and white threshold method in FIJI. Greyscale 
values greater than or equal to 254 were omitted, as this value did solely 
include the noise around the sample and did not affect the injected liquid 
inside the pore space. The FIJI auto-contrast feature was subsequently 
applied to enhance the visibility of the liquid distribution. The 
auto-contrast function was used to cut off greyscale values below 17 to 
improve the contrast between different thicknesses of the liquid column 
and to highlight the shape of the liquid distribution. 

The compression study and the investigation of the wetting behavior 
of different electrolytes have been accomplished at the Topo-Tomo 
beamline (KARA). The mean energy of the polychromatic beam was 
13.5 keV, the frame rate for radiography was 25 fps and the effective 
pixel size was 2.4 � 2.4 μm. A beam current greater than 70 mA was 
obtained throughout the whole imaging duration. The employed de-
tector was a LuAg:Ce scintillator. Before every tomography, dark and 
flat field images were recorded and the resulting radiograms were cor-
rected accordingly before reconstruction. Each tomogram entails 3000 
single radiograms recorded while rotating the sample for 180�, corre-
sponding to one snapshot every 0.06�. 

2.3. Image analysis 

The radiography images were analyzed with the Beer-Lambert law, 
similar to the work of Ge et al. [44]. This mathematical expression can 
be used to extract the local water thickness from an X-ray radiography 
image [17,45]. Applying the law to the radiograms obtained during the 
injection and flow-through experiments allows the quantitative analysis 
of the saturation inside the redox flow battery felts. As described by Ge 
et al., the Beer-Lambert law can be rearranged to give the local water 
thickness, as seen in Equation (1), where dw is the water thickness, Idry 
and Iwet are the respective local pixel intensities and μw is the X-ray 

attenuation coefficient of the electrolyte [17], extracted from the NIST 
database [45]. 

dw ¼

ln
�

Idry
Iwet

�

μw
(1) 

The Beer-Lambert law entails the assumption of a constant attenu-
ation loss of the electrolyte and assumes a constant beam intensity 
throughout the whole experiment, as the attenuation is a function of the 
beam intensity. Extracting the local electrolyte thickness requires a dry 
reference image taken beforehand, which acts as the background. Tak-
ing a new background correction scan at the start of each scan allows the 
negligence of the decreasing synchrotron ring current over time. For 
radiography, the first 50 images before the electrolyte invasion are 
averaged to obtain a dry background image without electrolyte, by 
which the radiograms are divided to provide their local pixel intensities 
in the Beer-Lambert law. The radiography image stack is then analyzed 
using a python code written in-house, which applied the Beer-Lambert 
law to each pixel and yields their local thickness in the direction of 
the beam path. The saturation is calculated for five averaged slices 
(0.2 s) at the end of the pressure equilibration period when a steady state 
is reached and no changes in the image were observed anymore. In the 
case of the experiments at the white (polychromatic) beam at KARA, the 
water thickness was extracted relative to the background scan and then 
compared to a fully saturated image in order to determine the local 
thickness. 

In the case of a tomography scan, the 3D image stack of the dry scan 
was used as the reference background. As there is no quantitative 
analysis of the tomograms, the background was subtracted to enhance 
the visibility of the features of the electrolyte column. The wet scan was 
subtracted from the tomogram after flow-through to highlight the 
qualitative differences of the liquid distribution within the pore space of 
the electrode before and after flow-through, with special emphasis on 
the air pocket displacement. 

2.4. Preparation of the electrolytes 

Vanadium (IV) electrolytes were freshly prepared by dissolving 
0.1 M VOSO4 (VOSO4⋅5H2O, chemically pure, GfE, Nuremberg, Ger-
many) in 2 M H2SO4 (Suprapur, Merck, Darmstadt, Germany). To pro-
duce the vanadium (V) and vanadium (III) electrolytes, a VRFB in a 
redox flow test system (Scribner 857 test stand, Scribner Associates, 
North Carolina, USA) filled with vanadium (IV) electrolyte was charged 
until a charging current under 2 mA cm� 2 was reached. After 
exchanging the vanadium (V) electrolyte in the charged VRFB with fresh 
vanadium (IV) electrolyte and subsequent re-charging, thereby the va-
nadium (II) electrolyte was obtained. The electrolytes were bottled, 
stored, and transported under argon atmosphere until they were inser-
ted into the syringe right before the experiment. 

3. Results and discussion 

3.1. Effect of thermal carbon felt activation 

The injection experiments were conducted with water and 2 M sul-
furic acid on pristine and thermally activated electrodes to investigate 
the influence on the wettability and the pressure drop. The results show 
a significant difference in the liquid distribution inside the felt. In case of 
the non-activated carbon felt, the liquid preferentially moved along the 
walls of the sample holder rather than invading the hydrophobic pore 
space (Fig. 2 a) and c)). This is also apparent in the saturation numbers 
(Fig. 2 e)), which reach 12.0% (H2O) and 33.5% (H2SO4) after wicking 
and 23.2% (H2O) and 34.2% (H2SO4) after flow-through at 30 μl min� 1 

for the non-activated sample, shown in Fig. 2 a) and c). In case of the 
thermally activated sample, the saturation amounts to 80.2% (H2O) and 
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72.8% (H2SO4) after wicking and 85.9% (H2O) and 77.8% (H2SO4) after 
flow-through. The results show that after activation, the saturation in-
creases by 200%–600%. This emphasizes the importance of activation of 
the carbon electrodes in VRFBs, as the introduced surface end groups 
and the oxygen content [5,29] largely increase the wettability and thus 
increase the ECSA available for the reaction. The effect of carbon com-
bustion during an activation at 400 �C is largely outweighed by the 
introduction of surface groups on the carbon fibers, as described by 
Greco et al. [5]. Further, the recorded pressure drop is shown in Table 1. 
In case of the non-activated carbon felt, the liquid has to overcome a 
larger initial pressure before invading the felt or flowing around the 
electrode along the walls of the sample holder. The pressure drop de-
creases by a factor greater than two when employing an activated felt, 
thus reducing parasitic pumping losses significantly. 

3.2. Injection characteristics and flow behavior 

Five snapshots of injection experiments into an activated carbon felt 
at compression ratios of 25%, 50%, and 70% are shown in Fig. 3. The 
selected experiments are conducted with a V(IV) electrolyte, which 
shows the same qualitative characteristics as the other investigated 
electrolyte species. The imbibition is a quick process, taking less than 2 s 
in case of 25% compression and less than 1 s in case of 50% and 70% 
compression until the liquid reached the top of the sample and the 

increase of the saturation slows down. The fast imbibition is due to the 
hydrophilic nature of the thermally pretreated felt electrode which 
wicks the electrolyte into the material as soon as the initial overpressure 
is reached and the liquid enters the pore space. 

Throughout the whole injection at 25% and 50% compression, the 
phenomenon of capillary fingering above the invading electrolyte front 
can be observed, leading to the conclusion that capillary forces are 
dominating inside the electrode. Capillary fingering is observed in a 
capillary force dominated flow regimes when a favorable pathway for 
the invading liquid can be established. This pathway typically exhibits 
larger pores compared to its surrounding and higher pore connectivity, 
as these pores provide a lower entry pressure, thus allowing the liquid to 
invade the pore space ahead of the invasion front. Under a compression 
of 70%, the pores larger than 100 μm–150 μm are absent [21,46] and the 
capillary fingering is less pronounced. This effect might be amplified by 
the anisotropy in the arrangement of fibers in a carbon paper, as 
observed by Tariq et al. [22]. It can be assumed that the liquid which is 
preceding the invasion front is capillary force dominated. Further, Fig. 3 
shows that at through-plane positions below 0.5 (bottom half of the 
sample) the saturation locally falls below 20%, presumably due to a 
shielding effect, as described by Jervis et al. [21]. They suggest a 
shielding effect, in which pore spaces of pores larger than the mean pore 
diameter of the carbon felt are inaccessible due to smaller surrounding 
pores with a high entry pressure. However, after the liquid was wicked 
into the porous electrode and the flow was switched off, the residual 
overpressure was large enough to overcome the shielding effect, 
invading the low porosity region. 

The evolution of the saturation over time along with the through- 
plane position (from the injection face on the bottom (through-plane 
position x ¼ 0.0) to the top of the felt (through-plane position x ¼ 1.0)) is 
quantitatively highlighted in Fig. 4. Fig. 4 a) shows the imbibition at a 
compression of 25%, during which the felt initially saturates by wicking 

Fig. 2. Radiograms after initial imbibition of non-activated (a,c) and activated (b,d) carbon felt electrodes with H2O (a,b) and H2SO4 (c,d) after the initial wetting. 
Light regions show liquid in the pore space. The brightness of the pixels corresponds to the thickness of the liquid in the beam path at that location. e) Corresponding 
saturation values of the entire porous electrode. The abbreviation act stands for thermally activated, non-act stands for not thermally activated. 

Table 1 
Comparison of the pressure drop inside thermally activated and pristine samples 
for injections with H2O and H2SO4.   

Activated sample Non-activated sample 

Pressure drop/mbar (H2O) 14.5 28.9 
Pressure drop/mbar (H2SO4) 12.9 32.1  
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the electrolyte. The steep vertical decrease in the lines represents the 
invasion front. As the lines are temporally equidistant, the horizontal 
separation of the lines shows the flow velocity of the liquid at any given 
time. Higher proximity of the steep decrease of the lines signifies a 
slower the movement of the invasion front. Thus, the imbibition slows 
down with time before it reaches a steady state. This is in agreement 
with the modeled predictions of Banerjee et al., which showed that with 
increasing saturation, the available wicking pressure decreases, which 
would result in a decreased rate of imbibition [46]. Further, it is 

apparent that at high through-plane positions x > 0.95, some regions are 
not wetted, leading to a local decrease in saturation to less than 60%. 
Even during the pressure equilibration after the pressure drop, these 
regions do not saturate, as the liquid preferentially exits the pore space 
into the flow channel on top of the sample. Fig. 4 b) shows the saturation 
curves during the flow-through experiment. The graph describing the 
saturation at 0 s in Fig. 4 b) is similar to the graph at 1.8 s in Fig. 4 a), 
even though it represents the saturation after the pressure relaxation 
period. The similarity of these curves shows that the saturation did not 

Fig. 3. Selected radiograms during wicking of electrolyte with respective time frames given in the time scale below each image. Each row represents one 
compression ratio shown in the top left. The images were obtained after background subtraction and contrast enhancement. 

Fig. 4. a) Temporally equidistant saturation curves 
plotted over through-plane position (from x ¼ 0.0: 
injection hole to x ¼ 1.0: top of felt facing flow 
channel outlet) over time during initial imbibition. 
After 1.80 s, the breakthrough was observed and the 
flow was stopped. b) Saturation curves over the 
through-plane position during continuous flow- 
through operation at 30 μl min� 1. The solid lines 
show the saturation curves after a given time of flow- 
through operation. The solid line labeled Flow 
time ¼ 0 s represents the initial saturation profile at 
the start of flow-through. The dashed lines show the 
differential increase of saturation with respect to the 
solid line (Flow time ¼ 0 s) after a given time of flow- 
through operation (Difference/s). The difference re-
fers to the local increase of saturation at a given 
through-plane position, x, the time in seconds in-
dicates how much time of flow-through operation 
has passed. c) Saturation curves plotted similar to a), 
under 50% compression of the carbon felt electrode. 
d) Saturation curves plotted similar to a) and c), 
under 70% compression. The filling of shielded pores 
is visible at through-plane positions between 
0.1 < x < 0.3.   
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change significantly during the pressure equilibration. Fig. 4 b) high-
lights that after 100 s of flow-through at 30 μl min� 1, the saturation 
decrease at high through-plane positions is absent and that the satura-
tion is greater than 70% for through-plane positions x > 0.95, implying 
that the pressure in the liquid column exceeds the capillary pressure of 
these pore spaces, saturating them before the pressure can be equili-
brated by forcing the liquid out on top of the sample into the channel. 
Until 250 s into the flow-through operation, the saturation increases, 
steadily saturating more pores. However, in the last 50 s, there is a net 
decrease in saturation of through-plane positions x > 0.6. This can be 
explained by a droplet of electrolyte coming in contact with the hy-
drophilic wall of the flow channel on top of the sample, which draws out 
the liquid and pushes the remaining air from above the electrode inside 
the flow channel into the pores. The bottom half of the sample is not 
affected by this effect, as the saturation curves do not change notably in 
that region. Fig. 4 c) shows the imbibition at a compression of 50%. 
Similar to Fig. 4 a), the movement of the bulk of the electrolyte slows 
down with time and a steep decrease in saturation at high through-plane 
positions is visible. However, the decrease to 60% local saturation and 
below occurs at through-plane positions of x > 0.98, which is higher 
than for 25% compression. Fig. 4 d) describes the imbibition of an 
electrode compressed to 70%. A local minimum occurring at 
through-plane positions between 0.1 > x > 0.3 highlights the afore-
mentioned shielding effect and it can be seen that the affected volume is 
saturated by the residual overpressure over time. After less than 1 s, the 
minimum is absent. 

3.3. Influence of compression and vanadium species on the flow-through 
pressure drop 

Fig. 5 shows that increasing the compression ratio from 25% to 70%, 
the pressure drop at flow-through conditions increases by 401.2%. 
Raising the compression from 25% to 50% affects the flow-through 
pressure less (average pressure increases by 87.2%) than raising the 
compression from 50% to 70% (average pressure increase by 214.3%), 
as, in accordance with Banerjee et al., the number of pores larger than the 
mean pore size decreases rapidly with higher compression [24]. The re-
sults shown in Fig. 5 conclude, that at 50% compression, pores larger than 
the mean pore diameter are still available to establish a stable 
flow-through at 30 μl min� 1 while maintaining a lower pressure drop. 
However, at a compression ratio of 70%, the pores larger than 150 μm are 
absent, as they collapse first and the liquid pathway has to include 
smaller pores compared to the uncompressed sample, thus increasing the 

pressure drop significantly. The pressure increase was less dominant on 
the V(II) and the V(V) electrolyte. This observation can be explained by a 
lower dynamic viscosity of the V(II) and the V(V) electrolyte species, as 
described by Xu et al., who calculated a decreasing dynamic viscosity for 
an increasing SoC in a VRFB, which results in a lower pressure drop for V 
(II) and V(V) electrolyte species [37]. However, a strong dependence of 
the pressure on the volume immediately surrounding the inlet hole 
cannot be excluded in this setup. Poor connectivity of pores and small 
pore diameters below 25 μm in the vicinity of the inlet will increase the 
pressure, which might dominate the influence of the electrolyte species 
on the pressure drop, especially as the porosity is lower in the region 
closest to the compressive element of the sample holder, as reported by 
Jervis et al. [21]. As described earlier, modeled mercury intrusion 
porosimetry experiments by Jervis et al. suggest a high number of 
shielded pores inside the unevenly compressed carbon felts [21]. Thus, 
the increased wettability of V(II) and V(V) is detrimental in overcoming 
local porosity differences and decreasing the pressure drop. 

3.4. Influence of compression and vanadium species on the saturation 

The influence of compression on the saturation of different vanadium 
species inside the electrolyte is presented in Fig. 6. Increasing the 
compression ratio from 25% to 50% does not affect the saturation, 
whereas a compression ratio of 70% decreases the average saturation by 
11.2% (compared to 25% compression). The oxidation number of the 
vanadium species plays a minor role in the saturation of the electrode. 
The average deviation from the medium saturation amounts to 3.0% at a 
compression ratio of 25%, 2.0% at a compression ratio of 50%, and 4.7% 
at 70% compression. The fine difference between the vanadium species 

Fig. 5. Injection pressure at 30 μl min� 1 flow-through conditions for different 
electrolyte species at given levels of compression, as denoted by the x-axis tick 
labeling. The respective vanadium species is shown above the bars. In addition, 
the bar color indicates the various vanadium species. 

Fig. 6. a) Saturation values after the initial imbibition at 15 μl min� 1 for each 
level of compression and each respective electrolyte species. In addition to the 
x-axis tick labels, the bar color indicates the various vanadium species. b) The 
difference in saturation before and after 300 s flow-through at 30 μl min� 1 *No 
information about saturation after flow-through for V(III) electrolyte due to 
technical difficulties at the synchrotron. 
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is not showing a discernible trend in the final saturation. Even at the 
highest compression, the flow behavior is affected more strongly by the 
surface properties and the structure of the electrode rather than the 
wetting properties of the vanadium species in the electrolyte. At each 
compression level, V(III) shows the highest saturation inside the carbon 
felt, as seen in Fig. 6 a). However, this difference still plays a minor role 
compared to the overall effect of compression. Similar results are found 
in case of the flow-through saturation at 30 μl min� 1 in Fig. 6 b). Fig. 6 b) 
does not contain flow-through values for V(III) (see figure description). 
The average increase of the saturation after flow-through with 
30 μl min� 1 amounts to 2.2% (varies between negative 1.3% and 6.9%). 
This minor difference further emphasizes the critical importance of the 
initial wetting properties of the felt, as this factor plays a major role in 
the saturation. However, the impact of the vanadium species might 
change if an electrical field is applied. 

3.5. Internal structure of the liquid pathway 

As described in Section 3.4, the saturation values of the investigated 
vanadium species do not deviate by more than 5% from the average 
electrolyte saturation, as the flow behavior is dominated by the surface 
properties and the structure of the carbon felt. Fig. 7 shows a tomo-
graphic slice of each of the injected electrolytes inside the sample holder 
at a through-plane position of x ¼ 0.5. They all show similar charac-
teristics, most notably the occurrence of trapped air bubbles, the cause 
of which is assumed to be the Cassie-Baxter effect, which describes the 
formation of enclosed air bubbles inside the liquid column on a rough 
surface, as previously described by Greco et al. [5]. This effect is 
observed with all investigated vanadium electrolyte species and when 
comparing the initial imbibition with the flow-through experiment, 
some of the air bubbles are displaced by liquid after flow-through, but 
the majority is persistent, as shown in Fig. 8. 

Further worth noting is the formation of new air bubbles inside the 
electrolyte column during flow-through. This process occurs at higher 

through-plane positions, where air trapped in the channel structure 
above the sample can be pushed back into the sample when a droplet of 
the wetting electrolyte touches the wall of the sample holder and gets 
wicked out of the sample, replacing the liquid of saturated pores with 
air, as explained in Section 3.2. The main reason for the increased 
saturation after flow-through is the expansion of the liquid pathway to 
accommodate the flux through the electrode, further saturating previ-
ously dry pores. This result shows that not only capillary forces are 
acting during flow-through at 30 μl min� 1. These findings are in agree-
ment with Tariq et al., who investigated the electrolyte distribution in a 
carbon paper-based material and claim that after a node-to-node 
transport mechanism, the electrolyte invades smaller pores around the 
initially wetted volume. They suggest that, due to an inhomogeneous 
use of the electrode, the presence of trapped air bubbles accelerates 
degradation once a current is applied [22]. Another reason for the 
increased saturation after flow-through is the contact of the liquid col-
umn with the hydrophilic wall of the sample holder, as can be seen in 
Fig. 8. Once the electrolyte reaches the wall, a thorough contact is 
established and the local saturation increases along the contact area. 

Additionally, one experiment was conducted with two flow-through 
periods at 30 μl min� 1, showing that additional air pockets have been 
displaced, but the saturation only increased by an additional 1.1% in case 
of H2SO4 as the electrolyte. The persistence of trapped air bubbles prevents 
the carbon felt from reaching 100% saturation at these flow conditions. 
Longer experiments are necessary to investigate the effect of continuous 
long-term operation on the air displacement inside a carbon felt. 

4. Concluding remarks 

In this work, the wetting behavior of activated and non-activated 
carbon felts was investigated and it was observed that the introduc-
tion of surface groups during thermal activation significantly facilitates 
a thorough wetting, leading to a higher saturation inside the carbon felt 
and thus to an overall higher ECSA, which should theoretically improve 
the performance of the VRFB. With sulfuric acid as the electrolyte, the 
saturation increased up to six times at a compression ratio of 25%. The 
pressure drop decreases by a factor of two in case of a thermally acti-
vated felt, which decreases the ancillary pumping losses significantly 
and further highlights the importance of thermal activation of the car-
bon felt electrode. 

Further, the influence of compression on the pressure drop was 
investigated. The pressure drop increases with higher compression ra-
tios. The increase in the pressure drop between compression ratios of 
25% and 50% was less pronounced (87.2%) than the difference between 
50% and 70% (214.3%). 

Fig. 7. Tomograms were taken after the equilibration period after the injection 
of electrolyte into the porous electrode. The tomograms are sliced at a through- 
plane position of x ¼ 0.5, corresponding to 50% of the total height of the 
compressed electrode (25% compression). The images show the internal 
structure of the liquid column inside the carbon felt. The colors indicate the 
color of the respective vanadium species. The air pockets are represented in a 
darker tone of color. The arrows indicate a region of air or electrolyte 
as reference. 

Fig. 8. a) High contrast tomogram (V(IV) in activated carbon felt, through- 
plane position x ¼ 0.2; 1.0 mm below the flow-channel on top of the sample) 
recorded after the equilibration period subsequent to the initial wetting, 
exhibiting an air pocket circled in white. b) Image obtained by subtraction of 
the steady-state of the initial wetting (Fig. 8 a) from the image after flow- 
through. The same position is shown and the circled area highlights that the 
air pocket is now filled with electrolyte (brighter shade of gray). New, addi-
tional air pockets have formed as well. 
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The analysis of the three-dimensional tomograms yielded insight into 
the internal structure of the liquid column inside the porous electrode. 
The enclosure of air pockets was observed and the displacement of a 
fraction of air pockets after flow-through has been shown. At high 
through-plane positions close to the flow channel on the opposite side of 
the injection hole, the formation of new air pockets is observed. This can 
be explained by the displacement of air from the flow channel back into 
the pores of the carbon felt when the electrolyte comes in contact with 
the hydrophilic channel on the top and emerges from the sample. 

Furthermore, the initial saturation after imbibition at 15 μl min� 1 

was compared to the saturation after flow-through at 30 μl min� 1 for 
300 s and it was found that the saturation increase averages at 2.2%. A 
second flow-through period further increased the saturation of the pore 
space by 1.1% to total saturation of 78.9%. This shows that the majority 
of trapped air bubbles in the liquid column persists and emphasizes the 
importance of the initial wettability of the carbon felt, which is directly 
linked to the surface properties. The presence of trapped air prevents the 
felt from reaching 100% saturation, which might accelerate the degra-
dation due to local inhomogeneity of the electrical field. 
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Glossary 

(II), (III), (IV), (V) Oxidation numbers of vanadium (given in roman 
numerals) 

VRFB Vanadium redox flow battery 
RFB Redox flow battery 
ECSA Electrochemically active surface area 
UV-VIS Ultraviolet–visible light spectroscopy 
PEMFC Polymer electrolyte membrane fuel cell 
XPS X-ray photoelectron spectroscopy 
H2SO4 Sulfuric acid 
M Molar given in mol l� 1 

CLS Canadian Light Source 
KARA Karlsruhe Research Accelerator 
PEN Polyethylene naphthalate 
VOSO4 Vanadyl sulphate 
H2O Water 
x Through-plane position inside the carbon felt electrode 
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Understanding the role of the anode on the polarization losses in 
high-temperature polymer electrolyte membrane fuel cells using the 
distribution of relaxation times analysis 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� DRT impedance study of a high- 
temperature PEM fuel cell. 
� Understanding the impact of humidifi-

cation and gas impurities on the fuel 
cell. 
� Developing a suitable reference cell 

setup for PEM fuel cells. 
� Quantifying anode and cathode polari-

zation contributions.  

A R T I C L E  I N F O   

Keywords: 
High-temperature polymer electrolyte 
membrane fuel cell (HT-PEMFC) 
Distribution of relaxation times analysis (DRT) 
Electrochemical impedance spectroscopy (EIS) 
Carbon monoxide (CO) 
Reference electrode 

A B S T R A C T   

To investigate the role of the anode on the polarization losses of a High-Temperature Polymer Electrolyte 
Membrane Fuel Cell (HT-PEMFC), we analyzed impedance data using the Distribution of Relaxation Times (DRT) 
method. Thereby, we varied the operating conditions of the anode (humidification, nitrogen dilution, and carbon 
monoxide (CO) impurities) to study its impact on Nyquist plot and DRT spectrum. Humidification of the 
hydrogen was found to dilute phosphoric acid, which is visible in the DRT. Nitrogen dilution of the anode gas 
slightly increases the Mass Transport (MT) resistance. Furthermore, CO was added to anode gas fed and it im-
pacts the impedance throughout the whole frequency range, specifically the medium and low-frequency range, 
typically assigned to ORR kinetics and oxygen MT. For a more detailed analysis of the impedance data, a 
reference electrode was employed to separate the overpotential caused by each electrode. The DRT spectrum of 
the anode exhibits only one peak at 1 kHz. In the presence of CO, a second peak arises corresponding to side- 
reactions occurring as the anodic half-cell potential increases. It was found that the cathode is affected by CO 
on the anode merely by the lowered cell potential and not by CO directly.   

1. Introduction 

Due to the growing interest of zero-emission technology, the 

research in High-Temperature Polymer Electrolyte Membrane Fuel Cells 
(HT-PEMFCs) has increased over the last decade [1]. They typically 
operate at temperatures between 140 �C and 200 �C, which presents 
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various benefits compared to temperatures between 60 �C and 90 �C, at 
which Low-Temperature PEMFCs (LT-PEMFCs) are operated [2–5]. A 
polybenzimidazole (PBI) membrane doped with phosphoric acid is 
employed to ensure proton conductivity to the reactive sites inside the 
catalyst layer, as it remains in a liquid state at these high temperatures 
[6,7]. Operating above the boiling point of water facilitates the water 
management, as the product water evaporates and is transported out of 
the cell via the gas phase. Further, the PBI membrane does not need 
reactant gas humidification due to the proton conductivity provided by 
phosphoric acid. Thus, the water balance of HT-PEMFCs is simple 
compared to LT-PEMFCs and the overall power system is more 
straightforward [8–12]. Also, the operation at higher temperatures im-
proves electrode kinetics, reactant diffusivity, and improves the toler-
ance toward impurities in the gas stream [2,3,7]. The Carbon Monoxide 
(CO) tolerance increases from a few parts per million for the LT-PEMFC 
[13] to up to 5% CO volume in the anode gas stream in case of the 
HT-PEMFC, which is above conventional steam reformate CO contami-
nation levels [14]. Zhang et al. [15], Das et al. [16], and Araya et al. [17] 
showed experimentally that the CO poisoning of the catalyst particles is 
temperature-dependent. Oh et al. [18] validated these findings with 
numerical simulations. Seel et al. [19] describe the anode overpotential 
at different temperatures with varying amounts of CO in the anode gas 
stream and show that the difference of the overpotential between 1% CO 
and 3% CO at OCV decreases from 100 mV at 140 �C to just 10 mV at 
160 �C. An optimum operating temperature concerning cell degradation 
and CO tolerance lies between 160 �C and 180 �C [15]. The higher 
operating temperature also improves the utilization of the waste heat in 
combined heat and power units for stationary applications or fuel pro-
cessing [20–22]. These advantages allow the HT-PEMFC to be deployed 
off-grid in remote locations where hydrogen can be produced locally by 
steam reforming [23–26]. Some reforming processes generate nitrogen 
as a by-product, which dilutes the hydrogen gas stream. Autothermal 
natural gas and methanol reformation generate output gases with up to 
40% nitrogen. Steam reforming processes contain about 1% nitrogen, 
but up to 30% CO2. Both nitrogen and carbon dioxide dilute the anode 
gas stream when a HT-PEMFC is operated with reformate gases and thus, 
the impact on the performance is critical to understand [27]. The effect 
of the presence of nitrogen in the anode gas stream has been previously 
explored by Waller et al. [6] and the presence of CO2 dilution has been 
investigated in great detail by Andreasen et al. [28]. A decrease in the 
performance of the HT-PEMFC is expected when the anode gas stream is 
diluted by N2, which can be attributed to the decrease in the partial 
pressure of H2 [29,30]. Due to their similarity in nature, the HT-PEMFC 
shares many attributes with a phosphoric acid fuel cell (PAFC), such as 
the tolerance toward impurities and their niche in stationary applica-
tions. However, the liquid 85% phosphoric acid inside a HT-PEMFC is 
not embedded in a silica matrix, which mitigates potential structural 
damage caused by the solidification of the 100% phosphoric acid in 
PAFCs [31–33]. 

Reference electrode setups are developed to further separate the 
impact of individual components of the impedance of the fuel cell. 
Mitsuda and Murahashi [34] employed multiple reference electrodes to 
investigate the impact of fuel starvation on the two electrodes sepa-
rately. Li and Pickup [35] separated the anode and cathode potential by 
an edge-type reference electrode configuration along the lines of con-
stant potential using a platinum wire. Kaserer et al. [36] implemented a 
bridge-type reference electrode by drilling a hole into the flow field and 
the gas diffusion electrode on the cathode side and connecting it via a 
salt bridge. Kuhn et al. [37] developed a one-dimensional cell setup in 
which the pseudo reference electrode was wire-shaped and embedded 
between two membranes. 

A key analysis technique for evaluating the performance and the loss 
mechanisms in a PEMFC is the Electrochemical Impedance Spectroscopy 
(EIS), as it is recorded over a broad frequency range and records phys-
icochemical phenomena occurring on different time scales [38–43]. The 
features of an impedance spectrum allow the differentiation between 

individual components and operation parameters contributing to the 
losses inside a PEMFC. These parameters can be external, i.e. gas stoi-
chiometry and applied current density, or internal, i.e. gas diffusion 
layer structure and catalyst layer structure, membrane and electrolyte 
resistance, reaction steps, and degradation [43–46]. Further, the losses 
inside a PEMFC can be investigated in greater detail. They are typically 
divided into Mass Transport (MT), Oxygen Reduction Reaction (ORR), 
and proton transport [47]. Andreaus et al. [48] showed that the proton 
transport and the anode processes, such as the hydrogen oxidation re-
action, are fast and exhibit a low impedance compared to the cathode 
processes, such as oxygen MT and ORR. Yuan et al. [43] summarized the 
impact of various operation parameters on the impedance spectra of fuel 
cells. 

However, without further analysis, EIS shows only qualitative in-
formation about the contribution of the individual cell components to 
the total cell impedance. The most dominant method to quantify each 
component of the spectrum is to employ an equivalent circuit model 
which entails the fuel cell components as electrical components, such as 
resistors, inductors, and capacitors [49]. Fitting the equivalent circuit to 
the impedance spectrum by assigning the electrical elements numerical 
values yields a quantitative insight into the impedance of fuel cell 
components. Niya and Hoorfar [41] discussed the benefits and the 
complications of the application of EIS equivalent circuit models and 
highlight the importance of a proper understanding of this method, as it 
can yield ambiguous results. 

In 2002, Schichlein et al. [50] applied the convolution equation 
developed by Fuoss and Kirkwood [51] to impedance spectra of solid 
oxide fuel cells to successfully deconvolve the reaction mechanisms 
occurring on different time scales. Since then, the Distribution of 
Relaxation Times (DRT) method has been applied to various electro-
chemical systems [36,45,47,50,52–58]. Recently, Cuicci and Chen [59] 
developed a mathematical model based on a Bayesian approach, which 
entails the assumption that the response of the electrochemical system is 
a sum of relaxations of physicochemical processes in the system. This 
model allows the interpretation of experimentally obtained impedance 
spectra. DRTtools, a MATLAB-based tool kit, was applied in this work to 
perform the mathematical transformation of the EIS [60]. Weiß et al. 
[61] applied the DRT method using DRTtools to the HT-PEMFC and 
characterized the obtained fingerprint pattern of this electrochemical 
system by successfully allocating the peaks of the resulting DRT spec-
trum to loss mechanisms inside the fuel cell, such as MT, ORR, and 
faster, dominantly anodic processes such as proton transport and the 
hydrogen oxidation reaction. 

In this study, HT-PEMFCs have been investigated using polarization 
curves, EIS, and DRT at various operation conditions. External param-
eters were systematically varied to have a better understanding of the 
features in the DRT spectra of HT-PEMFCs. A platinum mesh as a 
reference electrode, sandwiched between two membranes, is employed 
to separate the impedance of the anode from the cathode. We tested CO 
in the anode gas stream, nitrogen dilution, and reactant gas humidifi-
cation. This investigation aims to gain a better understanding of the 
processes occurring in a HT-PEMFC and its influence on the DRT spec-
trum. A fundamental understanding of the DRT spectrum makes it a 
powerful tool to study the effect of varying operating conditions, 
degradation, and novel cell components on cell performance. 

2. Methodology 

2.1. Membrane Electrode Assembly fabrication 

All cell tests were performed in a single cell setup. The Gas Diffusion 
Electrodes (GDE) were prepared by spray coating a catalyst ink layer by 
layer onto a commercially available Gas Diffusion Layer (GDL) with a 
microporous layer (H2315-C2, Freudenberg SE, Germany) using an 
airbrush system. The prepared ink consisted of a catalyst powder (20 wt- 
% Pt on Vulcan powder, Heraeus®, Germany), isopropyl alcohol, 
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deionized water, and a 60 wt-% Polytetrafluoroethylene (PTFE) 
dispersion (3 M™ Dyneon™, USA). The PTFE content amounted to 10% 
of the final Catalyst Layer (CL) weight. The ink was dispersed in an ul-
trasonic bath and subsequently sprayed onto the heated GDL to facilitate 
the evaporation of the solvents. The final loading amounted to 0.2 mgPt 
cm� 2 on the anode and 1 mgPt cm� 2 on the cathode. The loading was 
controlled by weighing the GDE during spray coating. The obtained GDE 
was cut into a square (2 cm � 2 cm) placed onto a stainless steel bipolar 
plate containing a serpentine flow field. PTFE gaskets and Polyether 
Ether Ketone (PEEK) gaskets were used to control the compression of the 
GDE and to prevent leakage and gas crossover. A compression ratio of 
25% of the total thickness of the GDE has been applied on each side. A 
PBI membrane (Dapozol® M40, Danish Power Systems, Denmark) 
doped in 85% phosphoric acid (H3PO4) for four weeks at room tem-
perature was placed between the cathode and the anode GDE. A sche-
matic of the cell setup is shown in Fig. 1, it shows the placement of the Pt 
mesh reference electrode between the PBI membranes. The preparation 
of the catalyst ink and the Membrane Electrode Assembly (MEA) is 
explained in greater detail in earlier work [62]. The cell was heated up 
to 160 �C and conditioned for three days in galvanostatic mode at 200 
mA cm� 2 until it reached a stable operating voltage. During this period, 
the stoichiometry of the gas flow amounted to λ(H2) ¼ 1.8 on the anode 
and λ(Air) ¼ 2.0 on the cathode. From that point on, the operation pa-
rameters were varied depending on the individual experiment. 

2.2. Impedance measurement and Distribution of Relaxation Times 
analysis 

Impedance spectra have been recorded using a multichannel Zahner 
Zennium work station (Zahner Elektrik, Germany) at 300 mA cm� 2 at a 
rate of 10 points per decade and 6 repetitions of each point. The fre-
quency range was 100 kHz to 100 mHz and covers the whole range of 
interest, at which losses originating from proton transport, the ORR, and 
MT are occurring in the HT-PEMFC. The setup is shown in Fig. 1. Before 

each measurement, an equilibration period of at least 30 min was 
included to ensure that the cell is in a stable operating condition. 

The impedance data were subsequently analyzed using the Distri-
bution of Relaxation Times analysis, which transforms the Nyquist plot 
from a real and imaginary impedance into a resistivity vs. frequency 
spectrum, which allows the separation and quantification of polariza-
tion losses occurring at different frequencies and time scales. No a priori 
knowledge of the intrinsic processes in the electrochemical device under 
study is necessary to convert a Nyquist plot using DRT, which presents 
an additional advantage over the equivalent circuit method, for which a 
detailed understanding of these processes is necessary before choosing 
an appropriate model which can accurately represent the device 
[38–42]. The input parameters of the DRT analysis applied in this work 
are determined by performing EIS on several circuits consisting of two 
known electrical Resistor-Capacitor (RC) elements in series. The 
resulting DRT method was able to accurately resolve the resistance and 
capacity of each resistor or capacitor, respectively. The impedance of an 
RC element can be obtained by integration over the respective DRT 
peak. 

Weiß et al. [61] obtained a set of parameters by fitting DRT spectra to 
known RC elements and successfully applied it to a HT-PEMFC, which 
allowed for the allocation of each resulting peak to a loss mechanism of 
the fuel cell. This set of parameters is further applied in this work. The 
Nyquist plot (also referred to as the impedance or the electrochemical 
impedance spectrum, EIS) and the resulting DRT spectrum of a 
HT-PEMFC are shown in Fig. 2 b) and 2 c). The impedance spectrum 
exhibits multiple processes, indicated by a colored semi-circle in Fig. 2 
b). The impedance of these processes overlaps to result in mainly three 
discernable arcs, which can be distinguished by eye. These arcs are 
allocated to MT (Arc 1), the ORR (Arc 2), and the high-frequency pro-
cesses, including proton transport in the catalyst layer and the hydrogen 
oxidation reaction (HOR) (Arc 3). 

The DRT method can break down each contribution to the imped-
ance spectrum and displays each process by a peak in the DRT spectrum, 

Fig. 1. Schematic representation of the setup of the cell containing a reference electrode (Pt mesh). (1) bipolar plate, (2) serpentine flow field, (3) PTFE gasket, (4) Pt 
electrode, (5) PEEK subgasket, (6) doped PBI membrane, (7) reference electrode. The reference electrode was placed between two doped PBI membranes to avoid 
electrical contact with the electrodes. 
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however, an overlap may occur. Weiß et al. [61] allocated each peak to 
processes occurring in a HT-PEMFC by systematically varying the 
operation parameters and observing the effect on the DRT spectrum. 
Following their findings, the peaks in Fig. 2 c) can be attributed as fol-
lows: MT (P1), ORR (P2, P3), high frequency (P4-P7). This method al-
lows the quantification of each loss in the fuel cell and the quantification 
of the impact of varying operation parameters during operation and is a 
valuable tool to understand the processes inside a HT-PEMFC. When 
recording the low-frequency part of the EIS, local oscillations of the 
oxygen concentration on the cathode side can occur. The concentration 
along the flow channels can fluctuate due to the slow and repeating 
change of the current density [63–66]. This is not expected in our cell 
setup, as the dimensions of the single-cell are too small to create these 
local oscillations at a stoichiometry of λ(Air) ¼ 2.0. Further, the oxygen 
mass transport inside a HT-PEMFC catalyst layer can be approximated 
by an RC element, as the diffusion is slower than in a LT-PEMFC. At 
higher diffusion rates, a Warburg element is necessary to accurately 

depict the diffusion processes. Further differences to the LT-PEMFC are 
included in the architecture and design. Most notably the PEM itself. 
Instead of a Nafion membrane hydrated with water, the HT-PEMFC 
employs a PBI membrane doped with concentrated phosphoric acid as 
the electrolyte. As the proton conduction in a HT-PEMFC is carried out 
by the phosphoric acid, the triple-phase boundary is dynamic and 
changes during operation. A higher current density increases the water 
content in the cathode and as such, in the phosphoric acid inside the 
cathode and leads to a change in viscosity and contact angle of the 
electrolyte [67]. A suboptimal distribution of phosphoric acid can be 
expected in a HT-PEMFC catalyst layer and is currently under investi-
gation by various groups [68–77]. The increased thickness of the cata-
lyst layer aggravates the impact of a not ideal electrolyte distribution 
and increases the length of the diffusion path of oxygen, which results in 
a larger MT loss occurring at a time scale at approximately 1 Hz instead 
of 10 Hz, as this is the case in LT-PEMFCs [28]. Further, a non-uniform 
electrolyte distribution is coupled with the thickness of the CL and re-
sults in several high-frequency peaks, as seen in Fig. 2 c). They were 
mainly attributed to proton transport in the CL. It is known that phos-
phoric acid adsorbs onto the platinum catalyst and therefore hampers 
the ORR in HT-PEMFCs. Consequently, the DRT spectrum displays two 
peaks linked to the complex process of the ORR in hot phosphoric acid 
[61] which is not observed for LT-PEMFCs [47]. 

3. Results & discussion 

3.1. Effect of humidification 

Humidification in a fuel cell is of importance, as the increased 
amount of water in the cell changes the concentration of phosphoric acid 
inside the electrode, which alters the wetting properties such as contact 
angle and the viscosity of phosphoric acid inside the porous electrode 
[78]. These effects can be expected to have an impact on the impedance 
spectra and the resulting DRT analysis. To investigate the impact of gas 
humidification, fuel cells were operated at varying levels of Relative 
Humidity (RH) of the anode gas. The humidifier was set to dew points of 
40 �C (RH ¼ 1.2%) and 60 �C (RH ¼ 3.2%) to investigate the effect of 
reactant gas humidification. The low relative humidity simulates the 
amount of water vapor present in a hydrogen stream obtained from 
industrial processes. It is known, that humidification of the gases is 
leaching the acid out of the GDE which causes severe cell degradation 
and bipolar plate corrosion over time [77,79,80]. However, the exper-
iments with increased humidification were carried out within a time 
frame of three hours and this effect could, therefore, be neglected. 

Fig. 3 shows the performance and the analysis of fuel cells operated 
at different levels of anode inlet gas humidification. In Fig. 3 a), the 
polarization curves of the cells are compared. No apparent impact of 
humidity on the performance can be seen at an RH of 3.2% and below. 
Above 100 mA cm� 2, the voltage difference between the levels of RH 
amounts to less than 2 mV. The impedance spectra are shown in Fig. 3 
b). The impedance of the cell increases throughout the whole frequency 
range and the increase is slightly more pronounced at lower frequencies, 
e.g. MT and ORR. However, the net increase of the impedance is still 
small, amounting to 1.1% for the MT for and 1.1% for the ORR 
impedance at 3.2% RH. These numbers were extracted from the DRT 
spectra in Fig. 3 c). The spectra show, that the position of the peaks 
remains stable when varying the relative humidity and the area under 
the curve shows only minor variations, which leads to the conclusion 
that the nature of these processes remains the same. However, two peaks 
at high frequency (P5 & P6, displayed in the zoom-in Fig. 3 c) change 
under humidification. We thus hypothesize that these peaks are linked 
to the distribution of phosphoric acid, as the humidification impacts the 
acid household of the cell, specifically that of the GDE. Slight variations 
of the acid composition and acid distribution in the CL are mainly 
affecting the high-frequency range of the DRT spectrum, as seen in P5 & 
P6 in Fig. 3 c), since it is linked to the proton conductivity of the CL. In 

Fig. 2. a) Polarization curve of the investigated HT-PEMFC. The impedance 
spectra were recorded at 300 mA cm� 2. b) Nyquist plot showing the impedance 
spectrum. Arc 1 represents the MT (red), Arc 2 shows the frequencies at which 
the ORR occurs (green) and Arc 3 includes the high-frequency regime (blue). c) 
DRT spectrum resulting from the EIS of the fuel cell. The coloration of the peaks 
corresponds to the arcs in the Nyquist plot. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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this case, the composition of phosphoric acid changes due to the higher 
water content of the MEA and, therefore, alters the wetting properties of 
the acid. This changes the proton transport of the electrode (P5 & P6 in 
the DRT spectrum) to a small degree, but not enough to deteriorate the 
performance significantly. Such details are only visible in the DRT 
spectrum and cannot be observed in the Nyquist plot. 

3.2. Effect of nitrogen dilution 

Fig. 4 compares the performance of the HT-PEMFC when operated at 
different levels of anode inlet gas dilution. The dilution was achieved by 
mixing nitrogen gas (10 vol-%, 20 vol-%, all following gas mixing levels 
are given in vol-%) into the anode gas stream. Fig. 4 displays the impact 
of nitrogen dilution on performance and impedance. It can be observed 
that 10% of N2 already leads to a small decrease in performance 
throughout the whole range of current densities. This decrease amounts 
to 2 mV at the Open Circuit Voltage (OCV) and below 100 mA cm� 2 and 
increases to 3 mV above 100 mA cm� 2. This effect is enhanced when 
mixing 20% nitrogen in the anode gas stream, leading to a voltage 

difference of 4 mV at OCV and increases to 5–6 mV above 100 mA cm� 2. 
The voltage decrease caused by dilution at the open circuit potential can 
be approximated by the Nernst equation if the activity of the anodic ions 
is replaced by the relative partial pressure. It predicts a voltage decrease 
of 2 mV at 10%, and 4 mV at 20% N2 dilution, which agrees perfectly 
with the measured OCV data. 

The impedance is shown in Fig. 4 b) and highlights that the nitrogen 
dilution mainly affects the lower frequencies. This is verified by DRT 
analysis, which can resolve the contribution of ORR and MT separately. 
Integration of the peaks attributed to the MT results in an increase of 
1.5% MT resistance at 10% N2 in the gas stream and a 3.0% increase at 
20% N2. The increase of the ORR amounts to 1.3% at 10% N2 and 2.4% 
at 20% N2. As the MT resistance dominates the total cell impedance, the 
net increase of the MT resistance is impacting the cell more strongly than 
the net increase of the ORR resistance. As the nature of all processes in 
the cell remains typically the same during the nitrogen dilution, only 
little changes are observed in the DRT spectrum. This is especially true 
for the low-frequency peak attributed to MT, the position of which re-
mains stable during the whole experiment. However, a shift toward 

Fig. 3. Comparison of performance of HT-PEM fuel cell at three levels of RH 
(black: 0.0% RH, dark blue: 1.2% RH, light blue: 3.2% RH) in the anode inlet 
gas using (a) polarization curve, (b) Nyquist plot, and (c) DRT analysis. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 4. Comparison of performance of HT-PEM fuel cell at three levels of ni-
trogen dilution (black: 0% N2, orange: 10 vol-% N2, yellow: 20 vol-% N2) of the 
anode inlet gas using (a) polarization curve, (b) Nyquist plot, and (c) DRT 
analysis. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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lower frequencies is observed for the peaks allocated to the ORR. We 
assume that this shift originates from the decreased potential of the fuel 
cell. The exchange current density of the ORR is dependent on the 
electrode potential. As N2 is introduced, the voltage of the cell decreases, 
which in turn decreases the exchange current density of the ORR ac-
cording to Butler-Volmer. In the EIS measurement, this leads to a higher 
detected ORR resistance and this translates into a shift in the DRT 
spectrum toward lower frequencies and a larger area under the peak, 
corresponding to higher resistance. As the total cell voltage changes only 
little when N2 is mixed into the gas stream, the shift in the DRT spectrum 
is therefore small as well. 

3.3. Effect of carbon monoxide poisoning 

Fig. 5 shows the impact of 1% and 2% CO in the anode gas stream on 
HT-PEM fuel cells. As expected, already small quantities of CO show a 
significant impact on the performance of the fuel cell. This effect out-
weighs the impact of humidification and nitrogen dilution, which shows 
that it is not dominated by the dilution and the decrease of the partial 

pressure of hydrogen in the anode. Fig. 5 a) compares the voltage of the 
fuel cell operated with 0%, 1%, and 2% CO in the anode gas stream. To 
enhance the impact of CO on the cell, the platinum loading in the anode 
was reduced to 0.2 mgPt cm� 2. A lower platinum content decreases the 
CO tolerance of the cell, as the partial coverage of active catalyst sites 
even further reduces the number of free sites. Since the exchange current 
density j0 of the HOR is dependent on the number of free catalytic sites, 
the lower anodic platinum content deteriorates the cell performance 
even more in the presence of CO. The usually expected CO tolerance 
(<10 mV voltage loss) of a HT-PEMFC of up to 5% is not given at a low 
loading of 0.2 mgPt cm� 2. At the operating current of 300 mA cm� 2, the 
cell exhibits a voltage of 492 mV. The addition of 1% CO leads to a 
voltage decrease of 29 mV. For 2% CO, the decrease amounts to 44 mV, 
which amounts to almost 10% of the total cell voltage. 

The Nyquist plots in Fig. 5 b) show that all frequency regions are 
affected by CO poisoning, specifically, the frequency midrange of the 
DRT allocated to the ORR. Similar effects have also been observed in 
previous studies in which they were interpreted differently [28,81]. For 
example, Andreasen et al. [28] have them attributed to longer diffusion 
paths of hydrogen through the anode catalyst layer (increased imped-
ance at 100 Hz) and local oscillations of hydrogen concentration in the 
anode, extending into the channels of the flow field (<100 Hz). Further, 
the addition of CO in the anode gas is expected to increase the half-cell 
potential, similar to hydrogen starvation. The anode potential increases 
to a point at which the carbon oxidation reaction and the carbon mon-
oxide oxidation may occur, as well as the water electrolysis in extreme 
cases [82–84]. Yezerska et al. [85] observe an additional peak arising in 
the DRT between 300 Hz and 800 Hz after hydrogen starvation and 
allocate it to potential side reactions. To investigate these explanations, 
a cell setup using a reference electrode was used in this work. This way, 
the contribution of cathode and anode could be separated and the origin 
of the increased impedance is shown. 

3.4. Reference electrode setup 

By implementing a platinum mesh as a reference electrode within the 
MEA, the electrochemical reaction of anode and cathode could be 
investigated independently from each other. The reference electrode 
was placed between two doped PBI membranes to avoid electrical short 
circuits. Due to the presence of Pt (platinum mesh), an acid reservoir 
(proton conductor) and hydrogen (hydrogen crossover through the 
membrane) a dynamic reference electrode was created. This specific fuel 
cell was equipped with two membranes but otherwise operated nor-
mally. The Nyquist plot of the impedance measurements in which the 
electrodes were connected to the work station separately is shown in 
Fig. 6 a). The contribution of the anode to the total cell impedance 
amounts to 2%, excluding the membrane resistance. This is a small 
fraction compared to the cathode contribution, which leads to the 
conclusion that the cathode processes, such as the oxygen transport in-
side the cathode CL and the ORR dominate the impedance of the full cell. 
Furthermore, the anode and cathode impedance spectra add up to the 
full cell spectrum. So the method can separate the anode from the 
cathode processes which allows us a more detailed analysis of each of 
them. An inductive contribution was observed in the high-frequency 
part of the Nyquist plot of the anode, which was omitted in Fig. 6, as 
it is believed to originate from the setup instead of being caused by the 
fuel cell. However, it is part of the mathematical summation and part of 
the full cell spectrum in the Nyquist plot. The DRT only includes values 
in the fourth quadrant (y-axis is negative in Fig. 6 a) of the Nyquist plot, 
which is why the inductive part is omitted in the DRT spectrum in Fig. 6 
b), as we only see the impedance of the fourth quadrant in the DRT 
spectrum. Hence, the mathematical summation appears similar to the 
cathode spectrum, instead of the full cell spectrum, which highlights the 
small influence of the anode compared to the cathode. This is expected 
to be closer to the real cell, as the influence of the setup is not part of the 
spectrum. 

Fig. 5. Comparison of performance of HT-PEM fuel cell at three levels of CO 
contamination (black: 0 vol-% CO, dark green: 1 vol-% CO, light green: 2 vol-% 
CO) of the anode inlet gas using (a) polarization curve, (b) Nyquist plot, and (c) 
DRT analysis. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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The DRT of the anode exhibits only one single peak at high fre-
quencies, at 1 kHz, as the result of one round semi-circle in the EIS. We 
assume this peak is associated with charge transfer of the HOR occurring 
at the anode electrode. With platinum as a catalyst, the HOR is 
straightforward and kinetically fast, therefore only a tiny single peak at 
1 kHz is visible in the DRT spectrum. On the anode, no MT limitations 
are observed since there is any peak present in the low-frequency 
regime. 

The breaking of the oxygen-oxygen bond on the surface of platinum 
does not occur as readily as for the hydrogen molecule. Generally, the 
ORR process is much more complex, it requires many individual steps 
and significant molecular reorganization than that of the HOR. The 
exchange current densities for the ORR are usually at least six orders of 
magnitude lower than for the HOR [86]. Especially, in the case of the 
HT-PEMFC, where also specific adsorption of the electrolyte further 
hampers the reaction kinetics. Additionally, the air supply, a mixture of 
oxygen and nitrogen, creates transport losses though the GDE, thus a 
large peak at 1 Hz appears in the DRT spectrum of the cathode. Because 
of its complexity, the cathode process generates nearly all polarization 
contributions of the entire cell (98%), whereas the anode only contrib-
utes 2% to the total impedance. 

3.5. Effect of carbon monoxide poisoning measured with reference 
electrode setup 

As shown in Fig. 7 a) the impedance of the anode and the cathode 
increases in the presence of CO impurities in the hydrogen stream. 
Interestingly, the anode not only increases its size but also its general 
shape, from a perfect semi-circle into an elongated arc. The DRT ana-
lyses transform a single semi-circle into one peak at 1 kHz and the 
elongated arc into two peaks at 1 kHz and 100 Hz (see Fig. 7 b, d, e). As 
already described in Section 3.4, with pure hydrogen as fuel the HOR is 
simplistic and kinetically fast. If CO is added into the hydrogen stream 
the anode kinetics become more complex and sluggish. The presence of 

CO generates undesirable side reactions such as the adsorption of CO 
onto the platinum surface, blocking the active catalytic sites. This effect 
could explain the appearance of a second peak at 100 Hz in the DRT 
spectrum once traces of CO are present in the gas feed. The time scale 
suggests that the process is most likely related to a charge-transfer on the 
electrode surface. Additionally, the water gas shift reaction may occur in 
the presence of water, which is introduced into the anode catalyst layer 
by concentrated phosphoric acid (85%) [81]. Andreasen et al. [28] 
observed in their experiments also that the impedance of an HT-PEMFC 
increase at around 100 Hz when CO is present on the anode. They 
interpreted this effect with a larger diffusion pathway of hydrogen due 
to the active sites being blocked with adsorbed CO. However, we expect 
a gas transport-related process to occur at lower frequencies. Yet, to 
prove this assumption highly sophisticated gas inlet and outlet analyses 
would be needed which is beyond the scope of this study. 

Additionally, Andreasen et al. [28] further conclude that at even 
lower frequencies (<10 Hz), the local variations in H2 concentration 
extend into the gas channel as described by various groups [63–66]. This 
phenomenon is not visible in the reference electrode setup, in which the 
anode does not exhibit any impedance at frequencies higher than 100 
Hz, even at high CO concentrations of 5%. It is important to note that 
oscillations inside the gas channel at low frequencies may occur in a cell 
setup with a larger active area and thus longer gas channels. In a 2 � 2 
cm active area and a hydrogen stoichiometry of λ(H2) ¼ 1.8, as was used 
in this work, no such concentration fluctuations are observed. 

The cathode impedance is much larger (as mentioned earlier, 98% of 
the total cell impedance arises from the cathode) compared with that of 
the anode. The cathode impedance exhibits multiple arcs, at least three 
are visible in the Nyquist plot. CO in the anode gas inlet causes also the 
arcs of the cathode impedance to increase. The increase is only visible at 
the mid and low-frequency region (<100 Hz), which are attributed to 
the ORR and the MT of the cell [61], the high-frequency arc remains 
nearly unchanged. The cathode is primarily responsible for the increase 
of the entire cell impedance as seen in Figs. 5 and 7 and described in 
previous publications [28,81–85]. This proves that the anode processes 
are linked to the cathode. It is somehow counter-intuitive that cathode 
impedance is severely affected when only the gas flow is altered on the 
anode. The frequency region associated with the ORR is distinct and 
growing with increasing CO concentrations. No increase of the imped-
ance of the anode at the ORR frequencies (3 Hz < fORR < 70 Hz) is 
observed, which leads to the conclusion that the ORR on the cathode is 
impacted by the presence of CO in the anode gas stream. The crossover 
of CO through the membrane to the cathode side cannot account for the 
ORR polarization loss [87,88]. The cathode potential is too high that CO 
absorbs onto the platinum surface. We assume the reason for the 
hampered ORR lies again in the increased anode potential which leads to 
a lower cell voltage. At 300 mA cm� 2 and 5% CO, an anode potential 
(between the anode and the reference electrode) of 102 mV was 
observed. The cell voltage dropped by 44 mV, which decreases the 
cathode potential by 58 mV. The potential difference in the cathode 
leads to an exponential drop in the exchange current density governed 
by the Butler-Volmer equation. This dependence of the exchange current 
density is exponential to the potential shift and thus, the reaction seems 
to be severely hampered, leading to a significantly higher impedance at 
these frequencies. 

The same effect also applies to the impedance of the MT regime. A 
change of the cell potential due to the flow of CO in the hydrogen gas fed 
also alters the impedance of MT since the current is fixed in galvano-
static EIS mode. Only in this case, the MT impedance is equivalent to an 
RC element. At low frequency, the impedance of the RC element is given 
by the resistor following Ohm’s law. As anode voltage increases (the cell 
voltage drops), the MT appears larger as seen in the DRT analyses of 
Fig. 7 c. The total cell impedance can be generated within series- 
connected impedance elements of various types representing different 
cell processes that follow the principle of a potential divider. 

Fig. 6. (a) Nyquist plot and (b) DRT analysis of the impedance recorded using 
the reference cell setup with a dynamic reference electrode. Pie charts display 
the individual shares of the polarization contributions. 
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4. Conclusions 

In this work, the impedance of a HT-PEMFC has been investigated 
thoroughly using the Distribution of Relaxation Times analysis and the 
influence of parameters such as humidification, anode gas stream dilu-
tion with nitrogen and the presence of CO up to 5% in the anode fuel 
have been explored. To understand the observed variations, a reference 
electrode was introduced to separate the anode impedance from the 
cathode impedance. 

Humidification of the fuel did not affect the HT-PEMFC performance. 
The shape of the Nyquist plot did not change much, which indicates that 
the nature of the processes inside the fuel cell does not change signifi-
cantly up to a value of 3.2% relative humidity. Humidification affects 
the dilution of phosphoric acid, which changes high-frequency peaks in 
the DRT spectrum. Thus, these peaks can be allocated to the proton 
transport in the catalyst layers. Other peaks in the DRT spectrum remain 
unaltered. 

Nitrogen dilution of the anode gas stream of up to 20 vol-% decreases 
the performance of the fuel cell by 5 mV at 300 mA cm� 2. The decrease 
of the OCV at 10 vol-% and 20 vol-% N2 amounts to 2 mV and 4 mV 
respectively. This matches the theoretically expected decrease using the 
Nernst equation. The dilution effect leads to a slight deviation in the 
shape of the Nyquist plot at low frequencies. DRT showed a minor in-
crease of 3.0% in the MT resistance of oxygen as well as an increase of 
2.4% in the ORR resistance at 20 vol-% N2. This increase can be 
explained by the principle of a potential divider. As the voltage of the 
fuel cell decreases, the measured impedance increases for these ohmic 
processes. Thus, the impact of changing the anode fuel stream on the 
cathode processes can be explained. 

The introduction of 2% and 5% CO in the anode gas stream strongly 
impacted the fuel cell performance. At 300 mA cm� 2 and an anode 
platinum loading of 0.2 mgPt cm� 2, the voltage dropped by 29 mV with 
2% CO impurities and 44 mV with 5% CO on the anode side. This huge 
influence of CO is visible in the Nyquist plot of the fuel cell. The typical 
three arcs visible in a HT-PEMFC Nyquist plot grew a lot more distinct in 
the presence of CO. The main difference was observed in the middle 
frequency part (3 Hz–70 Hz), typically attributed to the ORR and at 
lower frequencies, attributed to the MT of the cell. However, the pres-
ence of CO affects the EIS at all frequencies. To clarify the impact of CO 
on the anode and the cathode separately, a dynamic reference electrode 
has been introduced into the fuel cell. 

The separation of anode and cathode EIS showed that without CO, 
the anode exhibits only one single DRT peak at 1 kHz. The total 
contribution of the anode EIS amounts to 2% of the total cell impedance. 
Adding CO causes a second peak to arise in the DRT spectrum of the 
anode, at lower frequencies of 100 Hz. However, no impedance origi-
nates from the anode at even lower frequencies, which indicates that 
diffusion processes are not affected by the addition of CO. Thus, the 
impact of CO at lower frequencies than 100 Hz originates solely from the 
cathode. The ORR on the cathode side is hampered as the half-cell po-
tential of the cathode drops by 58 mV when 5% CO is introduced. The 
reaction can be described by the Butler-Volmer equation. If the voltage 
drops, the exchange current density drops exponentially, resulting in a 
higher observed impedance. The changes in the MT in the presence of 
CO are linked to the principle of a potential divider, as the behavior of 
the RC element describing the MT can be approximated to follow Ohm’s 
law. Here again, the lower cell potential is the cause of the increased 
measured impedance at low frequencies and neither an actual increase 

(caption on next column) 

Fig. 7. Impedance obtained from the cell containing the reference electrode 
from 0% CO to 5% CO in the anode gas stream. (a) Nyquist plots of anode and 
cathode, (b) DRT spectra of the anode, obtained from the Nyquist plots in (a), 
(c) DRT spectra of the cathode, obtained from the Nyquist plots in (a), (d) 
Zoomed-in Nyquist plot of the anode from (a), (e) Zoomed-in DRT spectrum of 
the anode. The DRT spectra of 2% CO in the anode gas stream are omitted 
for clarity. 

N. Bevilacqua et al.                                                                                                                                                                                                                            

Page 76



Cumulative Part

Journal of Power Sources 471 (2020) 228469

9

in the MT resistance nor cross-over of CO. 
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Glossary 

CL Catalyst Layer 
DRT Distribution of Relaxation Times 
EIS Electrochemical Impedance Spectroscopy 
f Frequency (variable) 
GDE Gas Diffusion Electrode 
GDL Gas Diffusion Layer 
H2 Hydrogen 
H3PO4 Phosphoric Acid 
HT-PEMFC High-Temperature Polymer Electrolyte Membrane Fuel 

Cell 
LT-PEMFC Low-Temperature Polymer Electrolyte Membrane Fuel Cell 
MEA Membrane Electrode Assembly 
MT Mass Transport 
N2 Nitrogen 
ORR Oxygen Reduction Reaction 
PBI Polybenzimidazole 
PEEK Polyether ether ketone 
Pt Platinum 
PTFE Polytetrafluoroethylene 
RC Resistor-Capacitor 
RH Relative Humidity 
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A B S T R A C T

Electrochemical impedance spectroscopy (EIS) is a well-established method to analyze a polymer electrolyte
membrane fuel cell (PEMFC). However, without further data processing, the impedance spectrum yields only
qualitative insight into the mechanism and individual contribution of transport, kinetics, and ohmic losses to the
overall fuel cell limitations. The distribution of relaxation times (DRT) method allows quantifying each of these
polarization losses and evaluates their contribution to a given electrocatalyst's depreciated performances. We
coupled this method with a detailed morphology study to investigate the impact of the 3D-structure on the
processes occurring inside a high-temperature polymer electrolyte membrane fuel cell (HT-PEMFC). We tested a
platinum catalyst (Pt/C), a platinum-cobalt alloy catalyst (Pt3Co/C), and a platinum group metal-free iron-ni-
trogen-carbon (Fe–N–C) catalyst. We found that the hampered mass transport in the latter is mainly responsible
for its low performance in the MEA (along with its decreased intrinsic performances for the ORR reaction). The
better performance of the alloy catalyst can be explained by both improved mass transport and a lower ORR
resistance. Furthermore, single-cell tests show that the catalyst layer morphology influences the distribution of
phosphoric acid during conditioning.

1. Introduction

PEMFCs have been extensively researched over the last years [1,2].
They hold promises to become a clean and compact electricity source for
stationary to mobile applications. However, to achieve this goal, several
challenges should be resolved. They range from managing the water at
high current densities to the need for high purity gases, as impurities
significantly affect the PEMFC performance, increasing their operating
costs [3,4]. Operating PEMFCs above 120 �C overcomes many of these
disadvantages as it eliminates liquid water from the system, therefore
simplifying the water management, which reduces the complexity of the
system.

Furthermore, the electrode kinetics are to be potentially faster. This
effect is slightly compromised by the change in Gibbs free energy, which
decreases linearly with increasing temperature. The elevated tempera-
tures enable the system to run on steam reformates, as impurities (e.g. CO
up to 3% in the anode gas stream) do not drastically impact the cell
performance [5,6].

High-temperature PEMFCs (HT-PEMFCs) are usually operated at
160 �C. The proton conductivity of the conventional membrane,
Nafion®, is reduced due to insufficient membrane hydration, induced by
the absence of liquid water. Thus, HT-PEMFCs utilize a different proton-
conducting membrane, namely phosphoric acid (H3PO4)-doped poly-
benzimidazole (PBI). In the catalyst layer, the liquid phosphoric acid
conducts the protons to the reaction sites. Thus, the distribution of
phosphoric acid inside the catalyst layer is vital for the triple-phase
boundary and is key for the performance of the cell. Although various
groups studied this issue in the past decade, it still requires a better un-
derstanding to achieve dynamic control of the triple-phase boundary
[7–11]. The performance of the cell is further influenced by the catalytic
activity of the cathode catalyst, where the oxygen reduction reaction
(ORR) occurs. To improve its rate, platinum electrocatalysts (e.g.
carbon-supported Pt nanoparticles, the state-of-the-art PEMFC cathode
electrocatalyst) are often replaced by platinum-alloys, aiming to increase
the ORR intrinsic activity through the strain-ligand and/or coarsening
effects to reduce thereby the amount of the expensive platinum inside a
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fuel cell [12–15]. Alloying platinum with 3d transition metal, such as
nickel or cobalt, has proven to deliver the most significant improvement.
For example, the Pt3Co particles exhibit a Pt-rich surface layer with a
reduced interatomic distance, which results in a modification of the Pt
electronic structure and, thus, a decreased binding strength of the oxygen
intermediate onto the catalytic surface. Furthermore, the non-noble part
of the catalyst leaches out during operation, creating a rough catalyst
surface. All these increase the reaction rate and the performance of the
cell [15,16].

Further alternatives for conventional platinum catalysts are carbo-
naceous materials doped with atomically dispersed catalyst sites, often
referred to as iron-nitrogen-carbon (Fe–N–C), which present the advan-
tage being free of expensive and rare platinum group metals (PGMs). The
electrode structure of the PGM-free catalyst has been thoroughly inves-
tigated by several groups [17–21]. They consist of a carbonaceous
structure, composed of graphitic and amorphous domains with various
types of moieties, either metal-free (e.g. pyridinic nitrogen, pyrrolic ni-
trogen, graphitic nitrogen, etc.) or M-Nx, the activity of which greatly
depends on their coordination and their position in the carbon network.
It is, however, often accepted that the M-N-C electrocatalysts should be
designed while considering the M�N4 moieties as the primary catalytic
site for the ORR in PEMFCs, as they are usually found in-plane, in the
mesopores and thus easily accessible, even in a solid electrolyte [22], by
opposition to sites (e.g. Fe–N2þ2, N–Fe–N2þ2) which are present in the
micropores and thus, exhibit low accessibility [21,23–26]. Notably, the
oxygen diffusion in this type of catalyst is inhibited. Increased back-
pressure significantly boosts the performance of the cell, which indicates
a mass transport issue [27]. During their operation in an HT-PEMFC, the
reactants and reaction products need to be transported to and from the
in-plane defects and, thus, navigate through the Fe–N–C complex network
of meso (2–50 nm) and microporosities (<2 nm), hence requiring those
defects to be in contact with the proton carrier, the viscous H3PO4. This
process can be expected to inhibit the utilization of the catalyst sites,
especially when considering that in conventional PEMFCs, Nafion® mi-
celles with an average micelle size of 30 nm will also prevent proton
transport in the smallest porosities [28]. This specific aspect is expected
to be far less of a limitation when addressing PGM-group electrocatalysts,
as the nanoparticles, ranging from 2 to 3 nm for pure-Pt and Pt-alloys to
several dozens of nm for complex nanostructures, (e.g. Pt-based hollow
nanoparticles [29], nanoframes [30], octahedra [31]) are far less likely to
anchor/nucleate in the smallest porosities and are thus readily available
for the reaction, exhibiting a lower transport resistance. However, the
catalyst layer morphology plays a role in mass transport (MT) and Oxy-
gen reduction reaction (ORR). Therefore it decisively influences the
performance of the cell.

MT also includes the transport of protons to the reaction sites. Thus,
the reaction sites need to be in contact with phosphoric acid to contribute
to cell performance. An ideal wetting of the carbon support would
include the smallest porosities, no flooding, and a thin film over the
whole carbon support to optimize MT to the active sites. The proton
conduction in the cathode is visible in the DRT spectrum of a HT-PEMFC
[32]. Thus, different wetting behavior in catalysts with varying pore sizes
can be observed using DRT.

X-ray tomographic methods were applied to investigate water trans-
port in conventional PEMFCs to resolve MT phenomena in conventional
PEMFCs [33]. These methods have been optimized over the years, and
operando X-ray micro-computed tomography has been used to under-
stand the water transport in Fe–N–C catalysts [34,35]. As the resolution
of these techniques is insufficient to resolve the phosphoric acid distri-
bution in nanometer-scaled pores of HT-PEMFC catalyst layers, operando
X-ray micro-computed tomography is limited to a larger scale transport
ways, such as cracks in the layered structure [36].

Several electrochemical impedance spectroscopy (EIS) studies on HT-
PEMFCs were discussed in the literature [6,37–40]. They all found that
hampered mass transport (MT) is responsible for severe polarization
losses of the cell. To separate and quantify the different processes

occurring inside the HT-PEMFC (i.e. reactant transport through the
membrane or the porous network, charge transfer, etc.), we implemented
the distribution of relaxation times (DRT) method, hence increasing our
understanding of the cell's limitations. DRT has also been applied to
analyze impedance spectra of other electrochemical systems such as solid
oxide fuel cells by Schichlein et al. [41] and lithium-ion batteries [42].
Cuicci and Chen [43] developed a model to investigate the impedance
spectra of PEMFCs, and Heinzmann et al. evaluated a conventional
PEMFC [44]. A comprehensive overview of the development and appli-
cation of the DRT method is presented by Dierickx et al. [45].

In our study, we allocated characteristic peaks of the spectrum to
specific processes in a HT-PEMFC by varying the operating parameters of
the cell. A typical fingerprint pattern is found for HT-PEMFCs equipped
with various catalysts, which allows a direct comparison between cells
[46]. Yezerska et al. [47] applied DRT analysis to artificially corroded
catalysts to identify side-reactions. The spectrum of a low-temperature
PEMFC shows unique characteristics different from those of a
HT-PEMFC [44]. They mainly relate to the different morphology of the
catalyst layer (i.e. higher thickness, PTFE as a binder instead of Nafion®)
and the presence of phosphoric acid [32]. In this work, single-cell tests
were performedwithMEAs using various electrocatalysts. They belong to
different groups: state-of-the-art Pt/C, Pt3Co/C, and Fe–N–C. The cells
exhibit a substantial performance gap, which could be explained by
analyzing the impedance spectra coupled with DRT analysis. Further-
more, the results were linked to the morphology and the pore size dis-
tribution of the catalyst layers.

2. Experimental

2.1. Synthesis of the Fe–N–C catalyst

The Fe–N–C electrocatalysts were synthesized using the sacrificial
support method (SSM). Namely, the precursors (i.e. Fe(NO3)3�9H2O and
Nicarbazin, from Sigma, LM-150, from Cabot, Ox-50, from Evonik and
home-made St€ober Spheres) were mixed by wet impregnation overnight,
before drying at 45 �C, a ball-milling (30min, 45 Hz) and pyrolysis at
975 �C, for 45min, under 7% H2. The pyrolyzed material was ball-milled
(30min, 45 Hz) and etched in HF for four days to remove the silica (LM-
150, Ox-50, and St€ober Spheres). Following the etching, the material was
washed to neutral pH, dried, and pyrolyzed a second time, at 950 �C for
30min, under 10% NH3. The resulting electrocatalyst was ball-milled
(1 h, 45 Hz) and used for the following characterizations.

2.2. Gas diffusion electrode fabrication

The fabrication process of the GDE influences catalyst distribution
and needs to be optimized to obtain optimum performance [48,49].
Catalyst ink was prepared by mixing catalyst powder (Pt: 20 wt-% on
Vulcan XC-72, Heraeus®; Pt3Co: 30wt-% on carbon black (undisclosed
details), Tanaka; Fe–N–C: see above), IPA, and deionized water. The
weight ratio of catalyst powder, IPA, and deionized water was 1:16:16. A
60wt-% PTFE dispersion (TF 5060 GZ, 3M™ Dyneon™) was added as a
binder (7 wt-% of the dry electrode), and the dispersion was stirred for
2 h using a magnetic stirrer with a stir bar. The ink was subsequently
spray-coated layer by layer onto a commercially available gas diffusion
layer with a microporous coating (H2315–C2, Freudenberg®) at a tem-
perature of 80 �C to dry the solvents during the coating process. The ink
was sprayed using an airbrush system at an exuding pressure of 2 bar. The
metal loading amounts to 1 mgPt cm�2 in the Pt catalyst and 1 mgM cm�2

(M¼metal) in the case of the Pt3Co catalyst. The Fe–N–C catalyst loading
was 3mg cm�2 (number represents the total weight of the catalyst).
Catalyst loading was determined by weighing the dry gas diffusion
electrode (GDE) after spray-coating. A more in-depth explanation of the
GDE fabrication process was provided by Mack et al. [50,51]. The GDEs
were cut into squares with a surface area of 4 cm2 and laid on top of a
stainless steel bipolar plate with serpentine gas flow channels with a
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width and depth of 1mm each. The torque applied to eight screws was 2
Nm. They were fit into place by a PTFE gasket with a thickness of 220 μm
to ensure that no gas is leaking and preventing cross-over. A PBI mem-
brane (Dapozol®M40, Danish Power Systems) was doped for 14–28 days
in concentrated phosphoric acid (85%, Normapur, VWR Chemicals) and
sandwiched between the gas diffusion electrodes. In each cell, the anode
was a standard Pt electrode with a loading of 1mgPt cm�2. This excess of
anode loading was used to ensure that no operational limitations origi-
nate from the anode and ensure that the cathodic processes can be
resolved without interference.

2.3. Cell operation

The conditioning of the assembled cells was achieved by heating
them to 160 �C in a nitrogen atmosphere using heat pads and subse-
quently supplying them with hydrogen (λH2¼ 1.8) and air (λAir¼ 2.0) at
ambient pressure (λ¼ stoichiometry). A current of 100mA cm�2 was
applied during the conditioning to ensure water production, which di-
lutes the phosphoric acid to facilitate proper acid distribution and to keep
the cell voltage at a non-corrosive potential. During activation, polari-
zation curves and impedance spectra were recorded after 2 h and every
24 h. After 120 h, each cell reached (or has already reached) a steady cell
voltage, and the activation was finished. After conditioning, operation
parameters were changed to monitor the response of the fuel cell. The
parameters were in all cases varied at least 30min before recording an
impedance spectrum and a polarization curve to give the system enough
time to equilibrate and to ensure that the EIS captures only steady-state
phenomena. Where specified, oxygen was chosen as the cathode reactant

gas. The stoichiometry on the cathode side was varied between λ¼ 2.0,
5.0, and 10.0 for both air and oxygen. The hydrogen stoichiometry was
always kept constant at λH2¼ 1.8.

2.4. Electrochemical impedance spectroscopy

Impedance spectra were recorded after an equilibration period of
30min using a Zahner Zennium (Zahner Elektrik) workstation connected
to a Zahner Power Pack 211, which supplied the current. The frequency
range over which the data was collected was 100 kHz to 50mHz, at a rate
of 10 points per decade and 6 repetitions for each point. This range
successfully captures all frequencies at which fast processes such as the
hydrogen oxidation reaction and proton transport, and slow processes
such as oxygen diffusion and the oxygen reduction reaction occur.

2.5. Distribution of relaxation times analysis

The resulting impedance spectra were further analyzed using the
distribution of relaxation times analysis with the open-source toolbox
DRTtools [52]. Quantification of each process's contribution to the
overall impedance of the cell was achieved by calculating the area under
each peak. The attribution of each peak to a process inside the fuel cell
has been accomplished byWeiβ et al. [37]. The slowest processes (within
the frequency range until 50mHz as mentioned earlier) is attributed to
oxygen mass transport (MT) and typically range from 1Hz to 15Hz. For
Pt and Pt3Co catalysts, MT is characterized by one peak that is usually
higher than the other peaks. The oxygen reduction reaction (ORR) results
in two peaks between 15 Hz and 150Hz, and typically above 150Hz, the

Fig. 1. Performance evaluation by all applied techniques of three investigated catalysts types. a) HFR-corrected polarization curves displaying the cell voltage U versus
the applied current density j. b) distribution of relaxation times spectra. The frequency f is plotted versus the distribution function γ. c) Nyquist plots (real part Z0(f) vs.
imaginary part Z’‘(f)) of electrochemical impedance at the same operating conditions (λH2¼ 1.8, λO2¼ 2.0, j¼ 100mA cm�2) for DRT and EIS. Apex frequency for the
largest semi-circle is indicated with the label in the respective color. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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high frequency (HF) area is found, which includes the hydrogen oxida-
tion reaction and proton transport in the catalyst layer. The frequency
range of a DRT spectrum might shift due to pressure fluctuations or if the
time constants of the internal processes vary. The frequency ranges
mentioned above are not rigid borders, the latter being described by the
peaks in the spectrum more than the values mentioned hereinto. Thus,
each cell is rather classified by a fingerprint pattern. DRT spectra of
HT-PEMFC are described in more detail in the literature [32,37,46].

2.6. Morphology characterization

To investigate the three-dimensional structure of the catalysts, high-
resolution sorption measurements (3Flex, Micromeritics®) and high-
resolution focussed ion beam scanning electron microscopy (FIB-SEM)
tomography were conducted [53]. The nitrogen sorption was used to
characterize the pores with a diameter below 100 nm. The device was
equipped with a special micropore port and a 0.1 Torr pressure trans-
ducer. The samples were outgassed at 160 �C for 4 h. Classical macro-
scopic theories typically lead to an underestimation of pore sizes in
micropores and mesopores [54]. To account for the inaccuracy of BET at
low pore diameters, the differential pore surface area was calculated
using the Non-Local Density Functional Theory (NLDFT) method with the
assumption of cylindrical pore shape. The NLDFT describes the sorption
behavior of fluids in the vicinity of curved walls, such as in micropores,
on a molecular level and is hence more accurate than macroscopic ap-
proaches [55,56]. The NLDFT method used in this work is built into the
analysis software 3Flex® of the Micromeritics® device.

FIB-SEM images of the Pt catalyst and the Pt3Co catalyst were
recorded at Helmholtz-Zentrum Berlin (Zeiss Crossbeam 340 gallium FIB
with a Gemini column). The edge length of each voxel amounts to 5 nm in
all dimensions, the electrons were accelerated with a voltage of 3 kV, and
the secondary electrons were detected. The ablation was achieved with a
FIB current of 700 pA. The images were translated into a pore network
representing the void phase of the porous carbon flakes, and the pore size
distribution was analyzed with a watershed-based algorithm using a code
written by Gostick [57]. The pore size distribution was created using the
open-source pore network modeling software OpenPNM [58]. A more
detailed explanation of this process can be found in the literature [7,8].

3. Results and discussion

3.1. Normal operation

To understand the connection between all three applied techniques,
Fig. 1 presents a comparison of the polarization curves (a), the DRT
spectra (b), and the Nyquist plots of all three investigated catalysts (c).
Fig. 1a shows the polarization curves of the cells operated with hydrogen
(λH2¼ 1.8) and oxygen (λO2¼ 2.0) as fuel gases. The Pt3Co alloy catalyst
(red) performs better than the standard Pt catalyst, in agreement with the
literature [12–15]. The Fe–N–C performs worse than the PGM-containing
catalysts. Without further characterization, it is impossible to determine
the cause of the performance differences between the three catalysts.
However, the first assumption would be to assess them to the lower
intrinsic activity of the Fe–N–C electrocatalysts. The ohmic regions of the

HT-PEMFC typically occur at current densities (j) higher than
400mA cm�2, at which the mass transport already affects the perfor-
mance of the cell. Hence, the ohmic region is expected to be influenced
by membrane resistance and oxygen mass transport inside the cell. In our
setup for HT-PEMFCs, no typical logarithmic decline of the polarization
curve can be observed, even at 2000mA cm�2. Thus, substantial mass
transport limitation cannot be excluded solely by the polarization curve.

To determine the exact cause of the performance differences, EIS and
subsequent DRT analysis of the impedance spectra was performed. The
impedance shown in Fig. 1c displays an increased mid to low frequency
resistance for the Fe–N–C catalyst (blue). The cell employing the Pt3Co
catalyst (red) shows a decreased mid to low frequency resistance
compared to the standard Pt cell (black). Minor differences of the high-
frequency onset (Z" (f)¼ 0) originate from variations in the membrane
resistance. The high-frequency region of the EIS shows similarities be-
tween all three catalysts, as it originates from proton conduction in the
catalyst layer and the anode, which is the same electrode (1mgPt cm�2)
in all cases.

The DRT spectrum (Fig. 1b) exhibits the fingerprint pattern
mentioned above for the commercial PGM catalysts with porous carbon
powder-based substrates. The pattern for the Pt catalyst (black) shows
one dominant mass transport peak at low frequencies (1–15 Hz), fol-
lowed by two oxygen reduction reaction peaks at medium frequencies
(15–150Hz) and several peaks at higher frequencies (>150Hz). The
shape and allocation of this pattern to the various fuel cell processes are
found in greater detail in the literature [32,37]. The same fingerprint is
observed in the Pt3Co catalyst (red). However, the mass transport peak is
narrower, and the second ORR peak is shifted toward higher frequencies
(up to 500Hz). This shift is caused by faster reaction kinetics and is
consistent with the observed ORR performance of this catalyst [12–15].
As mentioned earlier, a change of frequencies in the DRT can occur by
varying time constants of the respective process. The DRT spectrum of
the Fe–N–C shows similar features as the standard cell. We, therefore,
assume that the processes occurring in both cells do not differ signifi-
cantly. The Pt3Co system outperforms the standard Pt catalyst, which
translates into a smaller Nyquist plot with a higher apex frequency. The
apex frequency indicates that the process which is limiting the perfor-
mance the most (oxygen mass transport) is faster. This fact is confirmed
by the more accurate DRT method, in which the MT peak of Pt3Co/C
occurs at a higher frequency. DRT analysis further shows that the higher
performance originates from both the facilitated mass transport (ca. 30%
decrease vs. Pt/C) and the improved ORR kinetics (ca. 50% vs. Pt/C) of
the alloyed system. The improved MT is surprising at first glance since
both platinum-based nanoparticles are supported on carbon black. The
improvement might arise from a different morphology of the supports
(i.e. Vulcan XC72 for Pt/C vs. undisclosed carbon black support for
Pt3Co/C). This discrepancy is to be further elaborated in Section 3.2.

The DRT spectrum of the Fe–N–C (blue) catalyst clearly shows a
similar fingerprint as the PGM-containing catalysts. Thus, the processes
occurring inside this type of catalyst can be assumed to be identical, and
the time scales do overlap. Further, the change of the peaks in the DRT
spectrum during conditioning (see Fig. S1) indicates that the mass
transport regime for this type of catalyst occurs at 1–100 Hz. The peaks
describing the oxygen reduction reaction occur at 100–600Hz. A
distinction of the DRT spectrum of the Fe–N–C catalyst is that the low-
frequency region of the DRT Fe–N–C catalyst spectrum exhibits multi-
ple peaks, indicating a change of the mass transport process inside the
cell. The EIS also does not show a semi-circle at low frequencies, which is
why the DRT method fits more than one peak to describe the MT. The
low-frequency resistance is dominating for all three catalysts, but this
effect is exacerbated for the Fe–N–C catalyst. That indicates that for many
catalyst sites, the H3PO4 and oxygen have difficulties accessing them
(e.g., in micropores or other small porosities), such as the Fe–N2þ2 or
Fe–N2 sites. This explanation confirms the statement in the introduction
that catalyst sites in the micropores are detrimental due to their poor
accessibility. Compared to Pt/C and Pt3Co/C, the distribution of catalyst

Table 1
Resistances obtained from DRT analysis of the three investigated catalysts
operating with oxygen at 100mA cm�2 and power density at 200mA cm�2 after
conditioning. The maximum power density has not been reached for these cells at
1000mA cm�2.

Pt/C Pt3Co/C Fe–N–C

Mass transport resistance/mΩ 88.7 26.5 243.7
Oxygen reduction reaction resistance/mΩ 24.2 11.8 61.9
High frequency resistance/mΩ 13.4 13.3 18.4
Power density @ 200mA cm¡2/mW cm¡2 35.3 37.5 23.9
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sites in Fe–N–C [21,23] aggravates the negative influence of a suboptimal
impregnation of the electrode by phosphoric acid. As mentioned in the
introduction, the Pt and Pt3Co nanoparticles (2–3 nm) are less likely to
anchor or nucleate inside micropores and exhibit much higher accessi-
bility than the micropores sites in Fe–N–C electrocatalysts. The
high-frequency resistance of the Fe–N–C catalyst is increased as well,
according to both the cell voltage decreases at 100mA cm�2 and the
EIS/DRT signals, further indicating depreciated kinetics vs. Pt and
Pt3Co/C. Overall, the hampered mass transport and kinetics for Fe–N–C
translates into additional peaks in the DRT spectrum. The quantitative
results of the DRT spectrum recorded during regular operation are shown
in Table 1. The mentioned limitations, the mass transport and ORR
charge transfer resistances, are, for Fe–N–C, increased by a factor of ca.
2.5 vs. Pt/C.

3.2. Catalyst layer morphology

Fig. 2a shows the differential pore surface area in the catalyst pow-
ders obtained with sorption experiments from 2 nm–93 nm pore diam-
eter. All three catalysts exhibit a hierarchical pore structure with pores
below and above 20 nm in diameter and a minimum at 20 nm. The Pt
catalyst has the highest fraction of pore surface area below 20 nm (67%
of the total surface area) compared to Pt3Co (44%) and Fe–N–C (61%).
We expect slower oxygen diffusion in smaller pores. The DRT analysis
confirms that substantially fewer small pores (below 20 nm) of the Pt3Co
catalyst benefit the fuel cell performance by reducing the mass transport
resistance, as discussed in Section 3.1. This result further indicates that
the catalytic particles located in the smallest pores participate in the
reaction, as they contribute to the EIS. Consequently, H3PO4 invades

these small pores and establishes the triple-phase boundary also in these
regions.

To further elucidate the difference between the Pt/C and Pt3Co/C,
which are of similar types (Pt deposited on a carbon powder support),
and obtain more information about pores between 100 nm and 250 nm, a
3D FIB-SEM image has been recorded. FIB-SEM images of Pt/C and
Pt3Co/C are shown in the supplementary information in Fig. S5. FIB-SEM
images of the Fe–N–C catalyst were previously published by Stariha et al.
[19]. The region of interest is shown in Fig. 2b and c. A sample 3D X-ray
micro-computed tomogram is shown in Fig. 2b to indicate the hierar-
chical pore structure. The porous support material exhibits pores in the
micrometer range, but the individual carbon flakes shown in Fig. 2c are
porous themselves and exhibit pores on the nanometer scale. One such
flake was ablated using FIB-SEM to create a 3D image of the nanometer
pore space. The resulting pore size distribution is shown in Fig. 2c. The
relative frequency analysis confirms the lower amount of small pores in
the Pt3Co catalyst layer. It exhibits more pores with a diameter greater
than 100 nm, in which we expect the oxygen diffusion to be faster. The
substrate of the Pt3Co catalyst contains 7% of pores larger than 150 nm in
diameter, compared to 1% for the support of the Pt catalyst.

Further, the mean pore size is ca. 83 nm for Pt3Co/C and ca. 61 nm for
Pt/C. The larger pores facilitate the transport of both the reactant gas and
the phosphoric acid. This improves oxygen diffusion by supplying the
reactive sites more effectively with oxygen and explains the decrease of
the MT in the DRT spectrum. The ORR resistance decrease is defined by
the higher intrinsic catalytic activity of Pt3Co vs. Pt (confirmed by RDE
measurements shown in Fig. S2 in the supplementary information) and
the improved mass transport, which increases the oxygen concentration
at the catalyst sites. Hence, the MT and the ORR correlate.

Fig. 2. (a) Differential pore surface area from all three catalyst powders obtained from the sorption measurements. (b) Sample 3D X-ray micro-computed tomogram of
the catalyst showing the micrometer scale of the catalyst layer. (c) SEM image of the highlighted portion, showing one carbon flake (nanometer scale). The region of
interest for FIB-SEM imaging is shown in red. (c) The pore size distribution of nanoscale pores diameters obtained by extracting a pore network from FIB-SEM data
[57]. The Pt catalyst is shown in black, the Pt3Co catalyst is colored in red. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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3.3. Conditioning of the fuel cells

The cells were conditioned over a period of 120 h. After 2 h and
subsequently every 24 h of operation, polarization curves and impedance
spectra were recorded. Fig. 3a–c shows the cell performance during
conditioning of the fuel cells at 100mA cm�2. For the sake of clarity, only
three data sets are presented: 2 h, 24 h, 120 h (a complete version of the
resistance evolutions is illustrated in Fig. 4). The standard Pt/C cell
reached its peak performance (peak performance¼within 3mV of the
cell performance after 120 h) after 72 h of operation, whereas the Pt3Co/
C cell conditioned faster. After 24 h, it already reached its peak perfor-
mance. The total cell voltage increase during conditioning is higher for
Pt/C compared to Pt3Co/C. Both cells show similar behavior, as the in-
crease at higher current densities is more pronounced while the phos-
phoric acid is still distributed within the pores. Initially, the amount of
catalyst particles is insufficient to maintain a high current density. This
issue results in an additional overpotential at high current density, which
is overcome once the acid is distributed more evenly. The Fe–N–C cata-
lyst shows the highest increase in performance. The increase at high
current density is especially noticeable, implying that the contribution of
the catalyst inside the smallest porosities gradually increases during
activation, as a result of their better impregnation by H3PO4. This
explanation is confirmed by Fig. 4, in which the MT resistance and the
ORR resistance of the fuel cells during conditioning are shown. The
Fe–N–C conditioning is not finished after 120 h of operation, which
further highlights the difficulty of phosphoric acid to perchlorate into the
catalyst layer. The graphs in Fig. 4 still decrease for both MT and ORR. In
the case of Pt/C, the conditioning is finished after 120 h. At this point, the
MT resistance and the ORR resistance reach a minimum, and the acti-
vation process is completed as the cell reached its maximum perfor-
mance. Similar values for conditioning time were reported in the
literature [59]. For Pt3Co/C, the conditioning was already finished after
24 h.

MT and ORR resistances remain at a constant low after this time, and
we assume that the distribution of phosphoric acid in the catalyst layer is
homogeneous. The variation, as mentioned earlier in pore sizes, can
explain this time discrepancy. The large pores facilitate a thorough
impregnation. The shape of the DRT spectrum (Fig. S1) confirms that the
nature of the internal processes does not change during conditioning of
the cells, with the sole exception of Pt3Co/C. The ORR peaks of the Pt3Co
catalyst show a peak growing at 100Hz–300Hz.We hypothesize that this
peak (allocated to the ORR) might arise due to a change in the surface
composition of the alloyed nanoparticles (i.e. switch from Pt3Co to
Pt3Co@Pt core@shell [60], Pt-skeleton [61] or Pt-hollow [29]), which
alters the nature of the ORR, especially concerning the time constant at
which the reaction is taking place. This process is described frequently in
the literature [62–65].

The impact of the morphology of the catalyst layer is still palpable
after the conditioning of the fuel cells. In the case of the Pt/C catalyst, the
MT resistance and the ORR resistance are both higher compared to the
Pt3Co/C catalyst. This observation indicates that the activity of platinum
particles in the nanometer-scaled pores is hampered by the poor H3PO4
distribution and the oxygen diffusion inside these pores. Additionally,
the shorter activation phase in the Pt3Co/C catalyst case also confirms
this. We hypothesize that the non-ideal acid distribution leads to dead
zones in the smallest nanometer-scale pores of the catalyst. The nano-
particles are there not in contact with phosphoric acid. Thus, they do not
participate in the performance of the fuel cell, even after conditioning.
Fig. 5 shows a schematic representation of the phosphoric acid distri-
bution before and after activation. The white background in Fig. 5 in-
dicates the smallest nanometer-scaled areas. For the Fe–N–C catalyst, the
Fe–N2þ2 catalyst sites are located dominantly in the nanometer-scaled
pores. The activity of these catalytic sites is crucial for high perfor-
mance, and thus, the impact of the morphology is even more substantial
in this type of catalyst. The light blue background indicates smaller
nanometer-scale pores (below 20 nm) in contact only after conditioning

Fig. 3. HFR-corrected polarization curves (a–c) of all three catalysts taken
during the conditioning period of the cell, after 2 h (black), after 24 h (red), after
120 h (blue). All cells are conditioned at 100mA cm�2. U represents the cell
voltage, and j represents the applied current density. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version
of this article.)
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and in which catalytic sites are located in all three investigated catalysts.
These sites contribute to the cell's performance after conditioning, and
they exhibit a substantial MT resistance. The Pt/C catalyst structure in-
cludes more of these pores compared to the Pt3Co/C system. Thus, the
observed MT is higher in the Pt/C system. However, the performance gap
is not as significant as the gap of the Fe–N–C catalyst. As the Pt3Co/C
system exhibits few small nanometer-scale pores, the MT is the lowest.
The accelerated conditioning indicates that the wetting of these larger
pores with phosphoric acid is facilitated. We assume that more catalytic
particles can contribute to cell performance in addition to improved mass
transport. The extent to which each effect impacts the performance can
not be singled out. Whether an improved wetting in the small nanometer-
scale pores or the absence of nanometer-scale pores is more effective in
increasing the overall catalyst performance needs to be determined
further.

4. Conclusions

This study investigated three different types of HT-PEMFC cathode
catalyst: Pt/C, Pt3Co/C, Fe–N–C. Each catalyst was implemented intoMEA

and characterized by polarization curves, EIS, and DRT analysis. A typical
DRT fingerprint pattern is observed for each catalyst type. We found that
there is a significant performance gap between these types of catalysts,
which can be explained by (i) the intrinsic activity of each electrocatalyst
for the oxygen reduction reaction (i.e. Pt3Co> Pt> Fe–N–C) and (ii) the
morphology of the catalyst layer. The latter was determined by sorption
experiments and extracting a 3D pore network from FIB-SEM nano-
tomography measurements. The conditioning of the fuel cells highlights
the impact of themorphology, as the time needed to reach close-to-optimal
performances strongly correlates with the phosphoric acid distribution
inside the porous catalyst layer. An electrocatalyst with a large average
pore size (e.g. the Pt3Co catalyst with ca. 83 nm average pore size vs. ca.
68 nm for Pt) facilitates the acid distribution. It shortens the activation
period of the fuel cell. The Fe–N–C catalyst experiences the slowest con-
ditioning phase (>120 h), as it requires the H3PO4 to access not only its
small mesopores but also its micropores where part of its catalyst sites is
found. Through the use of DRT, we were able to deconvolve the contri-
bution of mass transport and ORR kinetics on a given electrocatalyst ac-
tivity in HT-PEMFC. Therefore, it is emphasizing the fact that mass-
transport plays a critical role in the design of such systems.

Fig. 4. MT resistance (solid lines) and ORR resistance (dashed lines) for the catalysts during conditioning of the cells. The numbers are obtained from DRT analysis.

Fig. 5. Schematic representation of the pore space of all three investigated catalyst types during activation. The blue background indicates the phosphoric acid
distribution before the activation phase (dark blue) and after activation (light blue). The white background depicts areas in which no phosphoric acid transport is
expected. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Figure S1. DRT spectra of all three investigated catalysts during conditioning, after 2 h (black), 24 h 

(red) and 120 h (blue) of operation. T = 160 °C, λH2 = 1.8, λO2 = 2.0, j = 100 mA cm-2. 

 

 

Figure S2. Rotating disk electrode measurements of Pt/C (black line) and Pt3Co/C (red line) catalyst in 

0.1 M HClO4, at 900 rpm on glassy carbon disk electrode under an oxygen atmosphere. 
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Figure S3. Nitrogen sorption isotherms for each investigated catalyst system. NLDFT was applied to 

this data to calculate the pore size distribution. 

 

 

Figure S4. Power density curves for all three catalysts. 
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Phosphoric acid plays a major role in the high temperature PEM fuel 

cell (HT-PEMFC). Phosphoric acid leaching out of the gas diffusion 

layer (GDL) into the flow field and the exhaust water, however, 

corrodes the auxiliaries of the stack and complicates water 

recycling. The distribution of phosphoric acid inside the catalyst 

layer determines the extent of the triple-phase boundary and thus 

directly influences the performance of the cell. In this study, 

phosphoric acid injection experiments and pore network modeling 

(PNM) were carried out to explain the dependency of phosphoric 

acid distribution inside HT-PEMFC gas diffusion electrodes (GDE) 

on different network parameters. PNM was validated for GDEs and 

used to predict the percolation. We found that the micro-porous 

layer (MPL) dominates the flow behavior and prevents phosphoric 

acid from leaching into the GDL. Furthermore, the presence of 

cracks inside the MPL strongly influences the saturation inside the 

catalyst layer (CL).  

 

 

Introduction 

 

      Conventional polymer electrolyte membrane fuel cells (PEMFCs) operate below 

100 °C and face operational challenges such as low tolerance towards impurities in the 

reactant gases and delicate water management inside the membrane electrode assembly 

(MEA). Increasing the operating temperature up to 160 °C results in several consequences 

for the operation and design of the high temperature PEMFC (HT-PEMFC). Without liquid 

water, which has to be transported out of the gas diffusion electrode (GDE), the issue of 

delicate water management of the cell can be overcome and up to 3% CO in the hydrogen 

reactant gas stream do not compromise the performance of a HT-PEMFC (1). As a result 

of a significant decrease of proton conductivity of Nafion® above 100 °C, 

polybenzimidazole (PBI) membranes are commonly used as an alternative to ensure a high 

proton flux between the electrodes. The conductivity of PBI membranes is strongly related 

to the phosphoric acid content of the membrane, which itself depends on the parameters of 

the doping process the membranes undergo before the cell assembly. Thus, the initial 

amount of phosphoric acid which is introduced into the cell is dictated by the membrane 

(2). During the activation phase, phosphoric acid flows from the membrane into the catalyst 
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layer (CL), where it forms the triple-phase boundary and determines the electrochemically 

active surface area (ECSA). To account for this dynamic and hard to control distribution 

of phosphoric acid inside the CL, electrodes of HT-PEMFCs are typically designed with a 

higher thickness and a higher platinum loading, resulting in higher costs. A better 

understanding of the phosphoric acid distribution would allow for a more compact design 

and reduced costs of HT-PEMFC systems. During operation, phosphoric acid has been 

shown to leach out of the CL into the gas diffusion layer (GDL) and into the flow fields 

and exteriors of the fuel cell, corroding the bipolar plates and complicating water recycling 

(3). Previous experiments by Gostick et al. have shown that the MPL dominates liquid 

water transport through the GDL and that the saturation of GDL decreased from 27% to 

3% when an MPL was present (4). Pore network modeling (PNM) offers a useful approach 

to complementing stated theories based on experimental results, as it provides a link 

between the microscopic and macroscopic features of gas diffusion electrodes (GDEs). The 

open source PNM package OpenPNM is a potent tool for investigating the phosphoric acid 

migration inside porous GDEs (5). Understanding the effects of GDL parameters and the 

presence of an MPL on the acid distribution enables an optimized GDL design, which 

prevents the undesired leaching of acid into the exteriors of the fuel cell, thus increasing 

the lifetime of a stack element.  

 

In the present work, GDEs with different parameters were investigated using micro-

computed tomography (µCT). The parameters under investigation were porosity and pore 

size distribution, which influence the capillary pressure inside the GDL and thus dictate 

the invasion of phosphoric acid. µCT scans of phosphoric acid injection experiments are 

used to validate the application of pore network modeling (PNM) and the extraction of an 

equivalent pore network from the same samples allowed the comparison between the 

results of the experiment and the model. Subsequent to the validation of PNM, electrodes 

containing a CL were fabricated, µCT images were recorded, and PNM was applied to 

investigate the influence of an MPL on the flow behavior inside a CL.  

 

 

Experimental 

 

      The methodology section is presented in two major parts. The first of which presents 

the ex situ injection experiment and subsequent acquisition of µCT images. The second 

part is focused on the modeling efforts of this study, including the extraction of the pore 

network and the implementation of a program called OpenPNM to perform the invasion 

simulations.  

 

Ex Situ Injection Experiments 

 

The investigated samples include SIGRACET® SGL 25 BA and SGL 25 BC. Both 

SGL materials exhibit the same carbon fiber structure, SGL 25 BC contains an MPL, 

whereas SGL 25 BA does not. Further, Freudenberg H2315 and H2315-C2 are 

investigated, where the suffix C2 denotes the presence of an MPL. The CL was prepared 

by spraying catalyst ink onto GDL substrates of Freudenberg (with and without MPL). 

This method is described in more detail by Chevalier et al. (6) µCT images of the regions 

of interest of all investigated materials are shown in Figure 1. 
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Figure 1.  µCT images of the investigated samples. a) and b) show the carbon fiber substrate 

of SGL 25 BA and Freudenberg H2315, respectively. c) and d) highlight the difference in 

the MPL. e) displays the structure of the CL sprayed in-house. 

 

 

Breakthrough experiments on various GDL materials were performed with a 

specialized point injection device manufactured in-house and optimized for performing 

µCT scans during the injection to characterize the invasion pattern of phosphoric acid. A 

schematic setup of the injection experiments is shown in Figure 2. 

 

 
 

Figure 2. Schematic representation of the setup of ex situ injection experiments conducted 

to record 3D µCT images of the sample structure of GDL materials during the injection of 

phosphoric acid. The pathway of phosphoric acid is denoted in red.  

 

 

The circular GDL samples were 3 mm in diameter and compressed by 20% of their 

original thickness to simulate in situ conditions, controlled by incompressible polyethylene 

naphthalate (PEN) spacers during assembly. Concentrated (85%) phosphoric acid was 

injected through a hole with a diameter of 0.25 mm. The flow of the acid was controlled 

by a syringe pump (Harvard Apparatus, 11 Plus) and a flow rate of 5 µl h-1 was selected to 

minimize the velocity of the acid and discourage viscous effects. During the experiment, 

the pressure was monitored by a pressure transducer (OMEGA PX 309-005A5V0) to 

determine flow and to calculate the injected volume. The event of breakthrough was 

observed by taking µCT snapshots of the sample and the inlet of the injection device was 

sealed to ensure the stability of the invasion pattern. The effect of elevated temperature on 

the pathway was assumed to be negligible, as the flow regime is still capillary force 

dominated and low capillary numbers in the order of magnitude of 10-5 are calculated for 
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both room temperature and elevated temperature, as described later. Evaporation effects at 

higher temperatures are not assumed to play a major role, as the vapor phase above hot 

phosphoric acid contains almost solely pure water (7).  

 

µCT scans of the sample were taken before and after breakthrough using a desktop 

scanner (Bruker Skyscan 1172). Scanning parameters of the X-ray source voltage and 

current were 36 keV and 222 µA, respectively. A resolution of 2.1 µm per voxel was 

achieved. The resulting images were reconstructed using the software package NRecon. 

The first image, the dry sample, was used as a background image for subsequent 

subtraction from the wet image taken after a stable breakthrough pattern was established, 

thus isolating the phosphoric acid form the surrounding carbon material. Image processing, 

such as manual image registration, subtraction, and the application of a 3D median filter to 

remove small, non-physical features was performed using Fiji®. The obtained invasion 

pattern was compared to invasion percolation simulations to validate the application of 

pore network modeling in GDLs. As the result of successful validation, Freudenberg 

H2315-C2, which was impenetrable for phosphoric acid injection, was scanned inside a 

sample holder simulating rib and channel compression. Freudenberg H2315 and 

Freudenberg H2315-C2 GDL samples were furnished with a CL to predict the effect of an 

MPL on the flooding of phosphoric acid inside a GDE.  

 

Pore Network Modeling 

 

The simulation of phosphoric acid invasion into porous GDL materials was conducted 

in 3D pore networks resembling the real structure of the experimentally invaded samples, 

extracted from the µCT scans of the dry sample taken before the injection experiment. 

Firstly, the greyscale µCT images were segmented using an algorithm developed in-house 

(8). Then an equivalent pore network representing the real structure of the samples was 

extracted by creating a distance map between void and material voxels. Pore spaces were 

defined using a watershed algorithm, grouping the void voxels into clusters. Each adjacent 

pore was subsequently connected by a throat through which liquid transport can happen. 

Based on the comparison of the experimental results and the modeled invasion simulation, 

the PNM can be validated for capillary dominated flow regimes. 

 

Pore network modeling is especially capable of modeling flow in capillary force 

dominated flow regimes. The precondition of low capillary numbers (Ca ≪ 1) was 

validated using Equation 1. The capillary number was calculated on the basis of reported 

experimental phosphoric acid leaching rates (9). 

 

Ca =
U ⋅ μ

γ
 with 𝑈 =

4 ⋅ �̇�𝑐

𝜋 𝑑𝑡
2     [1] 

 

where μ is the viscosity, γ is the surface tension, and U represents the velocity of 

phosphoric acid. �̇�𝑐 is the acid flow rate and dt signifies the mean throat diameter in the 

porous network, all taken from Chevalier et al. (6) and listed in Table 1 for room 

temperature. 
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TABLE I. Parameters of phosphoric acid flow through porous GDLs. 
Property Value 

Viscosity,  / Pa s 1500 

Surface tension, / N m-1 0.070 

Flow rate,   / m3 s-1 1.9e-16 

Mean throat diameter,  / m 2e-5 

 

 

The precondition of small capillary numbers ( ) is valid for phosphoric acid 

invasion into GDL samples both at room temperature and at elevated temperature (160 °C), 

as the order of magnitude of the capillary number for both temperatures was 10-5. 

 

The MPL in the pore network was modeled as an impenetrable brick, containing only 

cracks as the possible liquid entry points. This approach is founded on the work of Gostick 

et al. who found that the saturation of the underlying carbon fiber substrate was the same 

for a cracked MPL and an otherwise impermeable mask, containing cracks as the only 

liquid pathways (4). The invasion percolation simulation was initiated by assigning inlet 

pores to the network, from which the percolation started. The throat diameters of each 

throat connected to a filled pore were compared and the largest diameter, corresponding to 

the lowest entry pressure, was invaded until a predefined halting condition was reached. In 

our case, the halting condition was the event of breakthrough. Quantitative values of the 

invasion were extracted by using OpenPNM. 

 

 

Results and Discussion 

 

Comparison of Experimental and Modeled Phosphoric Acid Invasion Patterns  

 

The injection of phosphoric acid into GDL materials yielded that phosphoric acid 

pathways exhibit different qualities depending on pore sizes and the presence of an MPL. 

Figure 3 shows the results of the GDL materials which were successfully invaded in the 

experiment. The invasion of Freudenberg H2315-C2 (with an MPL) was not successful, as 

it does contain an almost crack-free MPL (confirmed by µCT scans, seen in Figure 1), thus 

preventing liquid phosphoric acid to break through the MPL before the pressure exceeded 

a point at which the acid crept around the sample to the top of the sample holder. The few 

irregularities that the MPL of Freudenberg H2315-C2 exhibits rarely penetrate deeply into 

the MPL. Thus, liquid transport was not observable inside Freudenberg H2315-C2. 
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Figure 3. Results of phosphoric acid injection experiments after image processing (middle 

column). On the right, the results of the invasion percolation simulation for the equivalent 

pore networks are shown. The coloring denotes the advancement of the algorithm from 

blue (early invasion steps) to red (late invasion steps). On the left, a schematic of the sample 

is shown to compare the scale in through-plane direction. 

 

 

Excellent agreement between the experiment and the simulation was obtained in case 

of SGL 25 BA. In both instances, two pores were invaded before breakthrough was 

reached. By comparing the pore coordinates, we concluded that the invasion pattern 

consists in both cases of the exact same pores. The diameter of the pores is large compared 

to other pores in the material, thus the entry pressure was the lowest. Qualitative agreement 

was achieved in case of SGL 25 BC and Freudenberg H2315, as the model correctly 

reproduces features such as capillary fingering and bottom layer invasion for materials with 

high capillary pressure, and without an MPL respectively. Table 2 shows a quantitative 

analysis of the invasion percolation in the GDL samples. 

 
TABLE II. Results of the quantitative network invasion analysis. 

Property SGL 25 BA SGL 25 BC 

(Fiber) 

SGL 25 BC 

(MPL) 

Freudenberg 

H2315 

Mean pore 

diameter / µm 
26 26 23 18 

Mean pore diameter 

(invaded) / µm 
90 65 23 21 

Max. capillary 

pressure / Pa 
1064 922 1132 3416 

Saturation at 

breakthrough / % 
51.8 4.3 (Fiber+MPL) 20.8 

 

 

A broad pore size distribution as in SGL 25 BA and SGL 25 BC facilitates the 

formation of a stable pathway, as large pores dominate the invasion behavior. Thus, a linear 

pathway with low capillary pressure is established. Small pores and a narrower pore size 

distribution lead to branching, as the capillary pressure increases to a point where capillary 

fingering occurs. A smaller average pore diameter lowers the saturation of Freudenberg 

H2315. However, the effect of an MPL dominates the saturation, as the saturation of SGL 

25 BC amounts to 4.3%. 
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Prediction of Flow inside a Rib and Channel Structure 

 

The validation of PNM inside GDL materials was the basis on which the invasion of a 

Freudenberg H2315-C2 sample was investigated. The crack-free nature of the MPL of this 

GDL inhibited the experimental injection of phosphoric acid. In the extraction of the 

network, small round pinholes were introduced into the segmented image of the sample to 

create a void space through which phosphoric acid could penetrate into the system during 

the invasion percolation simulation. Figure 4 shows the invasion pattern of the acid through 

the carbon fiber and illustrates the capillary fingering inside the carbon fiber before it 

reaches the top of the sample and breaks through. The rib of the injection device is modeled 

as a solid, impenetrable border, thus forcing the liquid acid to move around it to reach an 

outlet. The overall saturation inside this sample amounted to 0.4%, which is significantly 

lower than the saturation in SGL 25 BC. The absence of cracks in the MPL and the small 

pore size both impact the saturation.  

 

 
 

Figure 4. Invasion percolation simulation in Freudenberg H2315-C2. The MPL is shown 

in brown, the rib of the sample holder (top left) is colored in dark brown. The carbon fiber 

is omitted to visualize the breakthrough pattern. The inlet constitutes one of the manually 

introduced pinholes, from where the simulation started. 

 

 

For HT-PEMFC GDLs, a low saturation of the MPL and the underlying carbon fiber 

substrate is desired, as it implies a low phosphoric acid leaching rate. A small pore size and 

a preferably crack-free MPL are both beneficial to low saturation and to preventing the 

leaching of phosphoric acid into the exteriors of the cell. Figure 5 shows the saturation 

profiles plotted against the normalized through-plane position of each material and 

highlights the difference between the investigated GDLs. Based on the saturation profiles 

shown in Figure 5, larger phosphoric acid leaching rates can be expected for the SGL 

materials. The large pores and the cracks in the MPL lead to high saturation inside the 

GDL, causing a higher flow rate. The smaller pore sizes and the crack-free MPL of the 

Freudenberg material decrease the saturation throughout the whole GDL and restrict the 

undesired phosphoric acid leaching.  
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Figure 5. Saturation profiles of all investigated GDL materials. 

 

 

Pore Network Modeling inside the Catalyst Layer 

 

The CL sprayed onto carbon fiber substrate of Freudenberg H2315 without an MPL 

intruded deeply into the carbon fiber. µCT images showed parts of the CL as deep as a 

third of the total thickness of the substrate. The sheet-type MPL of Freudenberg H2315-C2 

acts as a support for the CL, preventing it from intruding into the carbon fiber. Pore network 

modeling of the samples lead to the importance of the presence of a preferably crack-free 

MPL. Without an MPL, 47% of the total pore volume was filled before phosphoric acid 

invaded the GDL and established a stable pathway. The mostly crack-free MPL of 

Freudenberg H3215-C2 lead to an invaded pore volume of 98% compared to the total pore 

volume inside the CL (isolated pore-clusters are not considered), strongly saturating the 

catalyst layer. This discrepancy can be explained by the increased capillary pressure arising 

from the physical obstruction of phosphoric acid penetration into the carbon fiber substrate. 

Table 3 shows a qualitative analysis of the invasion percolation simulation of Freudenberg 

samples with and without MPL, containing a CL. 

 
TABLE III. Invasion simulation inside the catalyst layer on Freudenberg H2315 and H2315-C2. All values 

are solely referring to pores and throats inside the CL. 
Property Freudenberg H2315 Freudenberg H2315-C2 

Mean pore diameter / µm 18 19 

Invaded volume percentage / % 47 98 

Max capillary pressure / Pa 5100 11318 

 

 

The investigation of the catalyst layer pores is restricted to micropores, as the resolution 

of the µCT scans amounted to 1.86 µm per voxel. Thus, the nanostructure could not be 

considered. It is not yet clear to which extent the nanostructure influences the phosphoric 

acid distribution. 
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Conclusion 

 

The investigation of GDL materials through experiments such as µCT and phosphoric 

acid injection has revealed the effects of pore size distribution and the MPL on the 

phosphoric-acid saturation. Large pores largely influence the invasion behavior and lead 

to linear pathways, whereas small pores increase the capillary pressure and cause capillary 

fingering. The MPL has a more significant effect than the pore size distribution, as the 

presence of an MPL leads to low saturations. The absence of cracks inhibits the invasion 

of the underlying carbon fiber substrate, reducing the undesired phosphoric acid leaching. 

Furthermore, the presence of an MPL increases the capillary pressure inside the catalyst 

layer, leading to a higher saturation of the CL pores. This observation, however, has not 

included the nanostructure of the CL, which is still under investigation and will be reported 

elsewhere. 
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Electrochemical Impedance Spectroscopy (EIS) constitutes a well-

established method for characterizing the losses in a polymer 

electrolyte membrane fuel cell (PEMFC). However, without further 

analysis, the EI spectrum yields only qualitative insight into the 

mechanism and contribution of each of the losses in the fuel cell. 

The distribution of relaxation times (DRT) method allows the 

quantification of each process contributing to the performance loss 

in the cell. The application of aforementioned methods for various 

catalysts allows the explanation of performance differences of the 

investigated catalysts based on the respective contribution of each 

major loss mechanism. We tested a platinum (Pt) catalyst, a 

platinum-cobalt (Pt3Co) alloy catalyst, and a platinum group metal-

free (PGM-free) iron-nitrogen-carbon (Fe-N-C) catalyst and found 

that the Oxygen Reduction Reaction (ORR) is not the dominant loss 

factor. Against our expectation, the mass transport loss in the PGM-

free catalyst is severely dominating. The higher performance of the 

alloy catalyst can be explained by both, an improved mass transport 

and a lower ORR resistivity. 

 

 

Introduction  

 

Polymer electrolyte membrane fuel cells (PEMFCs) have been researched extensively 

throughout the last several years and promise to be a clean and compact electricity source 

from stationary to mobile applications. However, they exhibit a number of disadvantages 

from a complicated water management at higher current densities to the necessity of high 

purity of their fuel gases, as their performance is highly affected by impurities. Operating 

PEMFCs above 100 °C offers a number of advantages such as ridding the system of liquid 

water, thus facilitating better water management, potentially faster electrode kinetics, and 

it enables the system to run on steam reformates, as impurities (e.g. CO up to 5% in the 

anode gas stream) do not impact the cell performance drastically. High-temperature 

PEMFCs (HT-PEMFCs) are usually operated at 160 °C, where the proton conductivity of 

the conventional membrane, Nafion®, is insufficient. HT-PEMFCs are thus equipped with 

an alternative PEM made from polybenzimidazole, doped with phosphoric acid. The 
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distribution of phosphoric acid is vital in establishing the triple-phase boundary, thus 

directly influencing the performance. This phenomenon has been studied closely in the past 

by various groups (1-4) and literature suggests that a better understanding is critical to be 

able to dynamically control the continuously shifting triple-phase boundary.  

 

EIS studies of HT-PEMFCs have been greatly performed and they found that the large 

Mass Transport (MT) loss seems to be the limiting factor of the current generation of HT-

PEMFCs (5). The Distribution of Relaxation Times analysis had been first applied to EI 

spectra of solid oxide fuel cells by Schichlein et al. (6) Cuicci and Chen (7) developed a 

model to investigate the EI spectra of PEMFCs and Weiß et al. were the first group to apply 

the DRT method to HT-PEFMCs. They allocated characteristic peaks of the spectrum to 

certain processes in a HT-PEMFC and enabled the measurement of the direct influence of 

operation parameters on these processes inside a cell (8).  

 

Platinum-alloy catalysts have been employed in order to enhance the performance of 

the conventional catalysts as well as reducing the amount of the expensive platinum inside 

a cell. Alloying with cobalt has been proven to be the most effective improvement, as the 

Pt3Co particles form a Pt-rich surface layer with a reduced interatomic distance, which 

benefits the adsorption behavior of the reactant gases, thus increasing the reaction rate and 

the performance of the cell (9). Further alternatives for conventional platinum catalysts are 

Iron-Nitrogen-Carbon (Fe-N-C) catalysts, which are free of platinum group metals (PGM). 

The reaction in these systems takes place at a nitrogen-doped defect site inside the graphitic 

lattice in which a single iron atom is located (10). The cost for these catalysts is potentially 

significantly lower and they constitute a promising future alternative (11, 12). In this work, 

in-situ tests were performed on different catalyst groups, conventional platinum catalysts, 

platinum-alloy systems, and Fe-N-C catalysts. These systems show a performance gap, 

which could be explained by analyzing the EI spectra coupled with analysis using the DRT 

method, detecting the rate determining step and investigating the influence of operating 

parameters on the peaks in the DRT spectrum.  

 

 

Experimental 

 

The overall procedure of our experiments can be broken down into four major steps. 

Fabrication of the gas diffusion electrode (GDE) and cell assembly, cell operation, EIS 

testing, and DRT analysis.  

 

Gas diffusion electrode fabrication 

 

Before spray coating, the ink was fabricated by mixing catalyst powder (Pt: Heraeus, 

Vulcan powder based, Pt3Co: Tanaka, Fe-N-C: University of New Mexico (11)), IPA, and 

deionized water with a weight percentage distribution of 1:16:16. A 60wt-% PTFE 

dispersion (Dyneon 3M®) was added and the dispersion was stirred for 2 h. The ink was 

subsequently sprayed layer by layer onto a commercially available gas diffusion layer with 

a microporous coating (Freudenberg H2315 C2), which was heated to 80 °C. The metal 

loading of the cells amounted to 1 mgPt cm-2 in case of the Pt catalyst and to 1 mgM cm-2 

(M = metal) in case of the platinum cobalt alloy catalyst. The loading of the non-PGM 

containing catalyst amounted to 3 mgFe cm-2. The loading was determined by weighing 

the dried GDE after spray coating. A more in-depth explanation of the GDE fabrication 
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process was given by Mack et al. (13, 14). The cathode GDEs with the respective catalyst 

layer were cut into squares with a surface area of 4 cm2 and laid on top of a metal bipolar 

plate with serpentine gas flow channels with a width of 1 mm each, and surrounded by a 

PTFE gasket with the same thickness as the electrode to ensure that no gasses are leaking. 

A PBI membrane (Danish Power Systems) was doped for four weeks in concentrated 

phosphoric acid (Normapur, VWR Chemicals) and laid down onto the gas diffusion 

electrode. In each cell, a standard Pt electrode with a metal loading of 1 mg cm-2 was used 

on the anode side.  

 

Cell operation 

 

The assembled cell was heated up to 160 °C using heat pads and supplied with 

hydrogen (λH2 = 1.8) and air (λAir = 5) at ambient pressure. A current of 100 mA cm-2 was 

applied during the conditioning of the cell to ensure that the membrane is not drying out. 

After at most two days, each cell reached a steady voltage and polarization curves were 

taken to evaluate the performance. During operation, the investigated parameters were 

changed 30 minutes prior to taking an EIS spectrum to give the system enough time to 

equilibrate. Humidification, where applicable, was set to a dew point of 60 °C, the 

stoichiometry of the gases was varied between λ = 2, 5, and 10.  

 

Electrochemical Impedance spectroscopy 

 

EI spectra were recorded at each operating condition after an equilibration period of 30 

minutes using a Zahner Zennium (Zahner Elektrik) work station connected to a Zahner 

Power Pack 211, which supplied the current. The frequency range, over which the data was 

collected, was 50 kHz to 100 mHz, at a rate of 10 points per decade.  

 

Distribution of Relaxation Times analysis 

 

The resulting EI spectra were further resolved using the Distribution of Relaxation 

Times method, transforming the impedance data into a frequency resolved spectrum, which 

showed characteristic peaks for processes with respect to their time scale. This allowed the 

quantification of the contribution of each process to the overall impedance of the cell, as 

the area under the curve can be integrated over the peaks, yielding the respective resistivity. 

The attribution of each peak to a process inside the fuel cell has been accomplished by 

Weiß et al. (8) and allows for a quantitative analysis and enables the systematic 

investigation of the influence of each operation parameter on the fuel cell. The slowest 

processes in a HT-PEMFC are attributed to mass transport, typically in the range from 1 

Hz to 50 Hz. For platinum and platinum-alloy catalysts, the mass transport is characterized 

by one peak that is usually higher than the other peaks. The Oxygen Reduction Reaction 

(ORR) results in peaks between 50 Hz and 200 Hz, and typically above 200 Hz, the high 

frequency area is found, resembling several fast and not yet classified processes. It is 

important to note that the frequency range of a DRT spectrum might shift due to pressure 

fluctuations, the frequency ranges mentioned above are not rigid borders and the peaks in 

the spectrum define the borders of each regime. Thus, each cell is rather classified by a 

fingerprint pattern. Figure 1 shows a DRT plot for a standard platinum cell.  
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Figure 1: Distribution of Relaxation Times spectrum for a standard platinum cell, 1 mgPt 

cm-2, operating on H2 (λ = 1.8) and O2 (λ = 5) at 100 mA cm-2. The low frequency mass 

transport region is defined from 1 to 14 Hz. The peaks attributed to the oxygen reduction 

reaction are located between 14 Hz and 140 Hz. Regions are defined by the minimum 

between peaks. 

 

Figure 1 shows the DRT spectrum of a standard platinum HT-PEM fuel cell operating 

at 100 mA cm-2 fueled by hydrogen (λ = 1.8) and oxygen (λ = 5). It shows a typical 

fingerprint for a HT-PEMFC, exhibiting one large low frequency peak allocated to mass 

transport and a row of smaller peaks at higher frequencies, the two left-most of them 

allocated to the ORR. Rigid frequency ranges cannot be given, as the spectrum is often 

subject to shift. 

 

 

Results and Discussion 

 

Figure 2 compares the DRT spectrum (a), the polarization curve (b), and the EI 

spectrum of all catalysts (c). Part (a) shows the DRT plot of the non-PGM catalyst (blue 

line) at 100 mA cm-2, operating with oxygen. The low frequency area exhibits more peaks 

than it does for the noble metal containing catalysts, which indicates that, against 

expectation, the mass transport is limiting the performance of the Fe-N-C catalyst most 

severely. We hypothesize that the phosphoric acid cannot easily invade the space between 

the graphenic layers to establish proton transport to the reaction sites. The quantitative 

results of normal operation are shown Table I and highlights the mass transport issue 

observed with the PGM free catalyst. It is also apparent that the Fe-N-C catalyst 

demonstrates a lower performance in terms of the ORR, however this is not the dominating 

loss mechanism. 
  

TABLE I. DRT analysis of the three investigated catalysts operating with oxygen at 100 mAcm-2. 

DRT resistivity / mΩ Mass transport Oxygen reduction 

reaction 

High frequency 

Pt 88.7 24.2 13.4 

Pt3Co 26.5 11.8 13.3 

Fe-N-C 243.7 61.9 18.4 
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Figure 2. Performance evaluation of three different catalysts. a) shows the Distribution of 

Relaxation Times plot, b) shows the polarization curves of the in-situ cell tests, c) shows 

the electrochemical impedance spectra for all three catalysts at the same operating 

conditions. 

 

Figure 2 highlights the correlation between performance and the analysis methods. The 

high mass transport is qualitatively visible in the EI spectrum and translates into additional 

peaks in the DRT spectrum, which show a higher integrated area of the peaks attributed to 

the MT. The performance of the Fe-N-C catalyst was compromised by a poor open circuit 

voltage, which presumably originates from a pinhole in the membrane of the cell.  

 

Activation phase of an Fe-N-C catalyst 

 

The activation phase of the non-PGM catalyst can be seen in Figure 3. The performance 

of the cell initially drops on the first day to reach a minimum at 30 hours of operation. 

From there on, the performance improves steadily until 220 hours of operation. The shape 

of the curves indicates a change in the ohmic regime and the mass transport area. The 

unusual trend of the activation phase over this time period can be traced by DRT analysis 

of EIS measurements taken at the time of recording the polarization curve. Table II shows 

that the qualitative trend of the polarization curves is also visible in the quantitative results 

of the DRT. 
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Figure 3. Three polarization curves of the Fe-N-C catalyst taken during the first nine days 

of operation. 

TABLE II. MT and ORR development during the activation phase of the Fe-N-C catalyst. 

Resistivity / mΩ MT ORR 

6 hours 359.6 80.2 

30 hours 343.0 78.0 

220 hours 231.8 63.2 

 

 

The decrease of the resistivity of the mass transport regime of the Fe-N-C catalyst over 

time is assumed to originate from a better distribution of phosphoric acid, which does not 

flow easily between the graphenic layer structure of the Fe-N-C catalyst and thus inhibits 

reactant gas transport to the reactive sites. Even after nine days of operation the 

performance was still increasing, an increasing number of active sites were slowly coming 

in contact with phosphoric acid.  

 

Mass transport resistivity vs. current density 

 

The contribution of each process to the total cell resistivity changes with current 

density. Figure 4 a) shows that at a low air stoichiometry, the mass transport demonstrates 

a minimum resistivity at 400 mAcm-2, whereas for higher stoichiometry, the minimum 

shifts to higher current densities. At a stoichiometry of 2, at 400 mAcm-2, the oxygen 

reduction reaction shows a large contribution to the total cell impedance and reaches a 

minimum at 800 mAcm-2, as seen in Figure 4 b). At low stoichiometry, there is trade-off 

to be made to find the optimum current density at which the cell performs most efficiently. 

For higher stoichiometry, the ORR becomes shows less variance over the whole range of 

current densities. The oxygen availability in air also remains fairly constant after the flow 

exceeds a stoichiometry of 5, as the reactant gas stream is not limiting at any current density 

and therefore the cell efficiency depends only on the trend of the mass transport impedance 

over the current density.  
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Figure 4. a) Mass transport resistivity b) oxygen reduction reaction resistivity at different 

stoichiometry vs. current density. Black squares: λAir = 2, Red circles: λAir = 5, Blue 

triangles: λAir = 10. 

 

Mass transport and oxygen reduction reaction resistivity  

 

Changing the cathode reactant gas from air to oxygen improves the performance of the 

fuel cell performance by increasing the oxygen partial pressure and the oxygen availability 

at the catalyst sites. This translates into a decrease of the low frequency arc in the EI 

spectrum, as the slow processes contribute less to the impedance. In the DRT spectrum, 

this effect leads to smaller low-frequency peaks, which was observed for all three catalysts. 

Table III presents the results of oxygen operation compared to air.  
 

TABLE III. MT resistance for Pt, Pt3Co and Fe-N-C catalysts for operation with air and oxygen. 

Mass transport / mΩ Air Oxygen Ratio O2/Air 

Pt 121.1 88.7 0.73 

Pt3Co 51.1 26.5 0.52 

Fe-N-C 315.5 243.7 0.77 

 

 

Table III shows that operating a HT-PEMFC with oxygen at the same stoichiometry as 

air (reduced gas velocity and higher oxygen partial pressure) reduces the mass transport 

significantly. DRT analysis demonstrated the decrease of the mass transport resistance and 

showed that the transport in the alloy catalyst was improved by the change of reactant gases 

and the increase in partial pressure of oxygen. Further, the ORR itself is facilitated when 

running the cell on oxygen, as shown in Table IV.  
 

TABLE IV. ORR resistance for Pt, Pt3Co and Fe-N-C catalysts for operation with air and oxygen. 

ORR / mΩ Air Oxygen Ratio O2/Air 

Pt 30.1 24.2 0.80 

Pt3Co 18.8 11.8 0.63 

Fe-N-C 78.0 61.9 0.79 

 

 

The ratio of the decrease of MT is similar to the decrease of the ORR resistivity for 

each catalyst, however the alloy catalyst benefits most from the operation with oxygen. 
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Conclusion 

 

In this study, we found that the higher performance of our platinum-cobalt alloy 

catalyst results not only from a better oxygen reduction capability, but also from a lower 

mass transport resistivity originating from the differently structured carbon support 

material. This is not visible from the EI spectrum and is only revealed by the DRT analysis. 

The performance of the PGM-free Fe-N-C catalyst is inhibited mostly by a severely 

increased mass transport, originating from the difficult wetting behavior of the lattice 

structure of the carbon support. The ORR of the Fe-N-C catalyst is not the major influence 

on the lower performance. The activation phase of the novel PGM-free catalyst shows that 

the MT regime is improving significantly over a long time period of at least nine days, 

which is presumably originating from a better distribution of phosphoric acid over time. 

When comparing the DRT data for a standard platinum and a platinum-alloy catalyst at 

different current densities, we find that operation of a HT-PEMFC is a trade-off between 

decreasing mass transport for increasing ORR. This phenomenon is especially severe at 

low current densities. We also find that supplying the catalysts with oxygen instead of air 

facilitates both, MT and ORR with a similar ratio, thus yielding that the main benefit of 

oxygen operation results from the net mass transport decrease.  
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Comparison of Electrospun Carbon� Carbon Composite and
Commercial Felt for Their Activity and Electrolyte
Utilization in Vanadium Redox Flow Batteries
Abdulmonem Fetyan,*[a] Jonathan Schneider,[a] Maike Schnucklake,[a] Gumaa A. El-Nagar,[a, b]

Rupak Banerjee,[c] Nico Bevilacqua,[c] Roswitha Zeis,[c, d] and Christina Roth[a]

A low cost highly active carbon� carbon composite fiber felt
was produced by electrospinning a mixture of polyacrylonitrile
and carbon black powder using poly acrylic acid as a binder for
high carbon black loading. The newly designed high-surface
area electrode material showed promising results for use as
electrode material for both the negative and positive half-cell of
vanadium redox flow batteries. Battery test results demon-
strated promising performance for the electrospun carbon

fibers at current densities below 60 mAcm� 2, but were less
active at higher values. The microstructure of the felt was
characterized by X-ray computed tomography to obtain the
porous pathways, which facilitate electrolyte transport. The
obtained results will help us to understand the role of porosity
in the performance of the battery and to consequently improve
the design of the carbon-filled electrospun material.

1. Introduction

In recent decades the development of large-scale storage
devices became a challenge for researchers to store the excess
energy harvested from renewable resources. Redox flow
batteries are one of the best candidates due to their long cycle
life, large capacities, negligible self-discharge and independ-
ently scaled energy and power density.[1–5] The use of the four
oxidation states of vanadium in both half cells of a vanadium
redox flow battery (VRFB) will minimize the cross-over of cations
through the membrane and eliminate severe performance
losses.[6] Thanks to their low cost, inertness and stability, carbon
felts are commonly used as electrode material in VRFBs,[7] but
unfortunately, those felts still have poor electrochemical activity
which limits the power density of the battery.[8] To overcome
this challenge, various treatments, such as thermal treatment,[9]

acid treatment,[10–11] electrochemical treatment[12] and doping

with metal[13–14] and metal oxides,[15–17] have been reported to
activate the carbon felts, however, the obtained improvements
are limited and the long-term stability of the activated felts is
still under question,[18] whereas the electrodes suffer from
degradation during cycling.[19–21]

In the last couple of years, researchers showed an increasing
interest in electrospinning, a versatile technique which facili-
tates tailoring a broad range of organic polymers to fabricate
thin fibers and fiber mats, amongst others for electrochemical
energy applications.[22–23] This efficient approach can be used to
prepare high surface area electrodes of carbon nanofibers
(CNFs) on a large scale, which then may be used in fuel
cells,[24–27] lithium ion[28–30] or redox flow batteries.[31–32] In our
previous work, we demonstrated the use of electrospinning to
prepare polyacrylonitrile (PAN)-based CNFs and their successful
application as free-standing electrode for VRFBs. However, the
utilization of PAN as precursor for the production of carbon
fibers by electrospinning would be considered expensive with
respect to an industrial upscaling. Wei and co-workers[33]

reported the use of multi-wall carbon nanotubes to improve
the electrochemical activity of PAN-based electrospun carbon
nanofibers toward vanadium redox couples, however, the poor
loading capacity of PAN limits the carbon uptake to a
minimum.

Porosity is a crucial feature of electrodes in flow batteries. In
a flow-through geometry a balance has to be found between
felt compression for minimized contact resistance and maxi-
mized electron conductivity and electrolyte transport through
the pores at low pressure drop. As the pores in the felt are at
the microscale, capillary pressure plays a defining role in
predicting pressure drop. Therefore, a good understanding of
the pore size distribution is also important, in addition to the
porosity. X-ray computed tomography (X-ray CT) provides an
image-based technique to identify and measure porosity and
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pore size distribution within a porous material, and has been
used successfully in the literature.[34]

Pore network modelling involves the creation of an
equivalent network of pores and throats which capture the
morphology and transport properties of a porous medium.
Image-based pore network models have been developed,
where the pore network is extracted from the image of the
pore structure, allowing better representation of the morphol-
ogy of the porous medium.[35–36] The pore network determines
the morphology as a network of pores and throats where the
pores act as reservoirs and the connecting throats define the
transport pathways. Several groups have worked with pore
network models in defining the transport through porous
materials, in applications varying from fuel cell diffusion
media,[35,37–39] PEM electrolyzers,[40] redox flow battery
electrodes,[41–42] and rock structures.[43–44] Banerjee et al.[42] dem-
onstrated the utility of using pore network modelling for
tracking electrolyte transport through the electrode in redox
flow batteries, and extracting properties such as electrolyte
invasion behavior and saturation information at different
pressures of operation.

In this study, we present for the first time the battery
performance data for newly designed and highly loaded
carbon� carbon composite fiber felt; the free-standing conduc-
tive carbon mat is produced by electrospinning a mixture of
polyacrylonitrile, poly acrylic acid (PAA) and carbon black
powder followed by a carbonization step. The use of poly
acrylic acid as a binder material increases the carbon uptake
leading to improved activity at reduced cost. The porous
electrode felt is characterized by various techniques, electro-
chemically evaluated for its use as positive and negative
electrode in VRFBs and compared to pristine and heat-treated
commercial carbon felts. In order to analyze the transport
properties of these novel electrode material, X-ray computed
tomography is used to obtain the microstructure of the
electrospun carbon fiber mat. The resulting structure was used
to simulate the porous pathways, which facilitate electrolyte
transport. Finally, an open source pore network modelling
framework (OpenPNM) was utilized to calculate transport
properties through the structure and simulate electrolyte flow
through the electrospun carbon electrode to obtain a more
detailed understanding of the transport characteristics.

Experimental Section

Materials and Electrode Preparation

Pristine commercial carbon felt (SGL, GFA 6 EA) with a nominal
thickness of 6 mm was used. Heat-treated carbon felt (CF) was
prepared by treating the CF at 400 °C for 30 hours under normal
atmosphere. Electrospun carbon fibers (ES-CFs) were prepared by
overnight stirring of 0,54 g PAN (average Mw 150,000), 0,06 g PAA
and 0,49 g Vulcan XC-72 carbon powder in 6 ml N,N-dimethylfor-
mamide (DMF). The electrospinning voltage was varied between
13–17 kV to uniformly electrospin the polymer solution, with a
distance of 20 cm between needle tip and collector plate. Depend-
ing on the formation of the Taylor cone at the needle tip, the
pump’s flow rate was set between 12 to 16 μLmin� 1. The collected

fibers were stabilized at 250 °C for 1 hour in a conventional furnace
by heating the fibers between two steel plates at a heating rate of
1 °Cmin� 1. The carbonization was then performed at 1000 °C under
nitrogen flow in a tube furnace at a heating rate of 10 °Cmin� 1, and
the temperature was held constant for 1 hour.

Cyclic Voltammetry (CV) and Chronoamperometry

The working electrode consisted of a sample of 0.8 cm in diameter
and 0.2 mm thick ES-CFs, or 6 mm commercial CF sample sandwiched
between two glassy carbon (GC) plates, which were connected to
Galvanostat/Potentiostat Reference 600 (Gamry Instruments) to per-
form CV measurements in a three-electrode electrochemical cell setup.
A sample size of 1 cm2 was used in chronoamperometry measure-
ments. Commercial CF was used as a counter electrode and a
saturated calomel electrode (SCE) with a potential of � 0.248 Vvs SHE
was used as the reference electrode. The cell was filled with
0.2 molL� 1 vanadium (51% V3+ and 49% V4+) in 2 molL� 1 H2SO4

electrolyte for CV measurements and 0.2 or 1.6 molL� 1 vanadium
(51% V3+ and 49% V4+) in 2 molL� 1 H2SO4 for chronoamperometry
measurements.

Scanning Electron Microscopy (SEM)

An ultrahigh-resolution scanning electron microscope (HITACHI
UHR FE-SEM SU8030) coupled with an energy dispersive X-ray
spectrometer operating with a 20 kV acceleration voltage was used
to evaluate the morphology of the samples.

X-ray Computed Tomography

A Skyscan 1172 desktop X-ray device (Bruker Corp. MA, USA) was
used to capture the internal structure of the electrode. Radiographs
were obtained at an energy level of 36 kV, and a source current of
222 μA, at rotation angles of 0.2°. The spatial resolution obtained
was 0.66 μm/pixel. The radiographs were reconstructed to obtain a
tomogram using NRECON® software (Bruker Corp.), resulting in a
greyscale three dimensional structure. The tomogram was then
binarized by applying an image intensity threshold in the image
manipulation software FIJI (ImageJ).[45] A median filter was also
applied to remove any residual noise in the images. The threshold
allowed the identification of solid and void space within the
electrode. The process has also been described in detail in Banerjee
et al.[42]

Transport Property Calculation

Pore network modeling was used to calculate the transport
properties of the electrode. A pore network extraction algorithm
developed by Gostick[36] was used to identify the pores and the
throats connecting the pores within the binarized image obtained
from the tomography as described above. The transport properties
are calculated using an open source pore network modeling
package – OpenPNM.[46] The pore size distribution is obtained
directly as a result of this algorithm and is presented to
demonstrate the difference in structure between the electrodes
being studied. The individual transport properties are calculated as
described in Banerjee et al.[42] Permeability of the electrolyte
through the electrode was calculated using Darcy’s law, and is a
function of the structure of the material. The contact angle was
measured for GFA 6 in the untreated state to be 140°. The physical
properties of water have been used for the electrolyte as the major
component of the electrolyte is water, considering a 1 M solution of
H2SO4 and a 0.1 M V2SO4. As this study involves the comparison of
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the pore structure of the two materials, the properties of the
electrolyte has been considered as constant for both the material
samples. The single phase effective diffusion coefficients were
calculated for both air and water (representative of the electrolyte)
using Fick’s law of diffusion. An invasion percolation algorithm
developed by Hinebaugh et al.[37,47] was used to investigate the
electrolyte invasion behavior of the electrolyte into the electrode.

Specific Surface Area (Kr-BET)

Krypton adsorption isotherms were measured at 77 K with a
Quantachrome Autosorb-iQ instrument. Prior to the measurement,
the samples were degassed in vacuum at 250 °C for 2 hours.
Specific surface areas were calculated by using the BET method.

Redox Flow Test System

An integrated redox flow cell test system (testbench 857, Scribner
Associates) was used for the measurements. Pristine, heat-treated
GFA6-CF or ES-CFs with 10 cm2 size and relatively same weight
(0,5 g CF and 0,6 g ES-CFs) was used in a flow through single cell
(Micro Flow Cell, Electro Cell Denmark), consisting of a 117 Nafion
proton-exchange membrane (Ion Power, Inc.) and graphite plates
as current collectors. The thickness of ES-CFs was kept at around
6 mm to simplify the comparison to commercial felts. The cell was
compressed by 25%. Two Ag/AgCl (3 M KCl, 0.21 Vvs. SHE)
reference electrodes (Metrohm AG, Switzerland) were implemented
at each half-cell for checking the individual potentials, as described
by Langner et al.[29] The electrolyte used was 1.6 molL� 1 vanadium
(51% V3+ and 49% V4+) in 2 molL� 1 H2SO4 (GFE chemicals), positive
and negative tanks were each filled with 60 mL of electrolyte and
cycled at a flow-rate of 100 mLmin� 1. A blanket of nitrogen was
continuously introduced to both tanks to eliminate air contact
which leads to oxidation of electrolyte. The cut off voltage was
0.8 V for discharging and 1.7 V for charging at a constant current
density of 100, 80, 60, 40 and 20 mAcm� 2.

2. Results and Discussion

The electrochemical activity of ES-CFs and the respective
commercial felt was assessed by cyclic voltammetry in a three-
electrode setup for both the positive and negative reaction. As
shown in Figure 1, the untreated carbon felt (UT-CF) has poor
kinetics for both reactions, while the kinetics seem to be
improved for the heat-treated carbon felt (HT-CF), and here in
particular for the negative side reaction. It is observed that the
peak separation gets smaller, the peak current increases and
the onset potential seems to be also improved after heat-
treatment. The different structural nature of the ES-CFs, where
the diameter, the shape and the distances between the fibers
are significantly different to those of CF, makes the direct
comparison by CV tricky. However, the recorded cyclic
voltammograms of ES-CFs show well distinguished peaks for
oxidation and reduction of vanadium species for both the V(II)/
V(III) and the V(IV)/V(V) reaction. Herein, the electrospun
composite felt appears similar to the heat-treated CF hinting at
a good performance of the ES-CFs in the battery tester.

The structural differences between the ES-CFs and commer-
cial felts are assessed by scanning electron microscopy. Figure 2
(a, b) shows the smooth nature of the CF-fibers with an average

Figure 1. Cyclic voltammetry of HT-CF at different temperatures: a) positive
side and b) negative side at a scan rate of 2 mVs� 1. The electrospun
composite felt offers promising activities for both reactions, as can be
deduced from its peak separation, current maximum and reaction onset.

Figure 2. SEM images presenting the morphology of a,b) commercial felt
and c,d) electrospun carbon fibers. Although the former looks smooth with
rather large fiber diameters of 9 μm, the latter exhibits rougher surfaces at
an average fiber diameter of 750 nm.
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fiber diameter of 9 μm. In contrast, ES-CFs morphology
presented in Figure 2 (c, d) exhibits rough and twisted surfaces
on the fibers with an average diameter of only 750 nm. The
rough surfaces originate from the embedding of Vulcan carbon
powder particles into the fiber structure and can be correlated
to the increase in surface area from 0.5 m2g� 1 for the CF to
120 m2g� 1 for ES-CFs evident by krypton Brunauer-Emmett-
Teller (Kr-BET) analysis. This observed increase in surface area is
expected to also increase the number of reaction sites and
therefore enhance the performance of the material in both half
cells.

Full cell cycling tests were performed for UT-CF, HT-CF and
ES-CFs at different current densities to evaluate the perform-
ance of the electrodes. The cell was charged and discharged for
2 cycles at 100, 80, 60, 40, 20 mAcm� 2. However, the cell
equipped with UT-CF or ES-CFs could not be charged at a
current density of 100 mA and therefore the data are not
shown. Figure 3a presents the energy and coulombic efficiency
of four different cells with different electrode materials; the first
cell was equipped with HT-CF in both half cells, the second was
equipped with UT-CF in both half cells, the third was equipped
with ES-CFs in both half-cells and the last one was equipped
with HT-CF in the negative half-cell and ES-CFs in the positive
half-cell. All different cells possess a coulombic efficiency
between 89% and 97% at different current densities. However,
the HT-CF and UT-CF seem to have slightly higher values
compared to the cells containing ES-CFs; the latter contain
higher surface areas, which increases the contribution of the
parasitic side reactions, for instance oxygen and hydrogen
evolution, an issue which has also been reported earlier.[48]

The cells equipped with UT-CF or ES-CFs in both half cells or
ES-CFs in the positive half-cell showed nearly the same energy
densities at the specified current densities. However, those
energy densities are almost 10% lower than the cell equipped

with HT-CFs in both half cells. This is in stark contrast to the
promising activity demonstrated by the CV results.

Achievable discharge capacities as percentage of the
experimental value to the theoretical one are presented in
Figure 3b. At relatively high current density for instance 80 and
60 mAcm� 2, the cell equipped with ES-CFs seems to show lower
performance compared to the cells equipped with HT-CF or UT-
CF. However, by lowering the current density the performance
of the cell gets improved, eventually reaching the same
discharge capacity of the cell equipped with HT-CFs in both half
cells at a current density of 20 mAcm� 2.

In order to better understand this variation in performance
and the difference to the activities measured in the three-
electrode model setup, X-ray computed tomography was
conducted on both CF and ES-CFs. Figure 4 presents the pores
size distribution for both materials. The data show a maximum

Figure 3. a) Energy and coulombic efficiency at different current densities for
different cells equipped with: HT-CF in both half cells, UT-CF in both half
cells, ES-CFs in both half cells or HT-CF in the negative half-cell and ES-CFs in
the positive half-cell. b) Achievable discharge capacities of the same four
cells described in (a).

Figure 4. Pore-size distributions obtained using X-ray computed tomography
for commercial carbon felt (red color) and electrospun carbon fiber felt (blue
color).
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pore size distribution between 25–75 μm in the CF, which is
much larger compared to the pores presented in the ES-CFs,
where the maximum number of pores occurred between 5–
20 μm. The presence of those smaller pores and the lack of
large pores in ES-CFs lead to an increase in the invasion
pressure required to make the electrolyte pass through the
material, and this may explain the low performance of the ES-
CFs at high current densities, where the time of the reaction is
faster than the one at lower current densities.

Figure 5 illustrates the pressure required for the electrolyte
to invade the electrode, as higher and higher saturations are
achieved. As the invasion pressure is increased, the electrolyte
invades into the smaller pores, which have a higher entrance
capillary pressure. The larger pores fill first and, as the pressure
is increased, the smaller pores get filled as well. From the figure,
it is observed that a significantly higher invasion capillary
pressure is required to invade the smaller pores of the electro-
spun felt (~20 kPa for GFA6 compared to >80 kPa for ES). This
means that in a flow cell, which is operated with no back-
pressure, a much smaller saturation is achieved when operated
with the electrospun felt, thereby resulting in lower perform-
ance at the higher current densities.

Figure 6 shows the invasion pattern for the electrolyte, as it
penetrates into the electrode structure. The figure shows the
snapshot of the invasion at the breakthrough conditions. The
breakthrough point is the condition, where the electrolyte first
reaches the opposite face compared to the point, where it has
been introduced into the porous material. It represents the
point of electrolyte invasion, at which there is a continuous
pathway through the electrode and a continuous operation of
the flow battery can be sustained. From the figures, it is
observed that at the point of breakthrough the electrolyte has
reached a significant saturation in the case of GFA6 (saturation
at breakthrough is 31.1%), while in the case of the electrospun
material the breakthrough is achieved when the electrolyte
finds a pathway from the edge of the material inside and the

overall saturation remains fairly low (breakthrough saturation is
3.8%). This further shows why the electrospun material despite
its superior catalytic performance (cf. to CV results) is not able
to sustain a higher current density in the realistic battery setup.
Further chronoamperometry measurements with discussion are
presented in the supplementary information (Figures S1 and S2)
to give an indication about the flow features of ES-CFs
compared to commercial CF in static conditions for CF and ES-
CFs.

3. Conclusion

A newly designed highly loaded carbon� carbon composite fiber
felt was successfully prepared by electrospinning a mixture of
polyacrylonitrile, poly acrylic acid (PAA) and carbon black
powder. Poly acrylic acid as a binder has a high uptake capacity
for the electron-conducting carbon black, which not only
increases the felt’s performance, but also allows us to reduce
the cost. The novel electrode was characterized by scanning
electron microscopy, and fiber diameters in the range of
750 nm with an increased overall surface area were observed.
The material was evaluated for its use as positive and negative
electrode in VRFBs and compared to pristine and heat-treated
commercial carbon felts, where it showed promising perform-
ance in the three-electrode model test. In the more realistic
battery test, however, performances comparable to the com-
mercial standard were only obtained at current densities below
60 mAcm� 2. That is why we compared transport properties and
simulated electrolyte flow in both ES-CFs and commercial
carbon felt using X-ray computed tomography and open source
pore network modelling. The detailed analysis showed smaller
pore sizes and therefore lower electrolyte transport in ES-CFs,

Figure 5. Simulated electrolyte invasion pressure using pore network
modeling for the commercial carbon felt and electrospun carbon� carbon
composite electrode, respectively.

Figure 6. Invasion pattern at breakthrough condition illustrating the invasion
of the electrolyte into the electrode structure for a) CF and b) ES-CFs at
significantly different saturation levels for both structures.
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which can be correlated to the low performance of ES-CFs at
relatively high current density. In the future, we will aim to
increase the pore size in the produced fibers as well as
introduce an increased fraction of functional surface groups in
order to improve the performance of ES-CFs at higher current
density.
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A B S T R A C T

Carbon felt electrodes are commonly used as porous electrodes in Vanadium redox flow batteries for large-scale
energy storage. The transport properties of these electrodes are an important parameter as the transport re-
sistance can form a significant parasitic power loss depending on the configuration of the flow battery.
Therefore, to better predict the overall parasitic power losses and devise strategies for the improvement of
overall battery efficiency, the transport properties need to be properly understood. In this work, four com-
mercially available carbon felt electrodes have been investigated for their transport properties. It has been shown
that the non-activated electrode is hydrophobic in nature, while after activation, the electrodes become hy-
drophilic. The single-phase diffusion and permeability were found to decrease linearly with an increase in
electrode thickness. The imbibition characteristics were similar for the four electrodes, although the change in
wettability had a strong impact on the pressure required for the electrolyte to invade into the electrode.

1. Introduction

With the increased deployment of renewable sources of power
generation, such as from wind and solar, there has been an increasing
interest in large-scale energy storage solutions. It has been suggested
that the electric grid would become unstable if the non-dispatchable
contribution from renewable energy to the grid exceeded 20% of the
overall capacity [1]. Among the different large-scale energy storage
solutions available, redox flow batteries have gained popularity due to
the deconvolution of the energy capacity and the power density avail-
able, and their ease of scalability [2,3]. A comparison of different grid-
scale energy storage solutions is provided by Skyllas – Kazacos et al. [4]
and Darling et al. [5]. The current status of development of redox flow
batteries has been reviewed by several authors [2–7].

One of the chief concerns of redox battery chemistries is the cross-
contamination of the electrolytes through the membrane, which could
lead to irreversible reactions and thus lead to a reduction in energy
capacity over time. This concern is alleviated in the all Vanadium redox
flow (VRFB) coupling where both electrolytes are Vanadium based
electrolytes [2]. Therefore, any cross contamination or crossover of ions
through the membrane only results in power loss without any longer-
term detrimental effects on the energy storage capacity. The half-cell
reactions at the electrodes of the VRFBs are as shown below:

++ +V V eNegative Electrode 2 3 (1)

+ ++ + +VO H O e VO HPositive Electrode 22
2 2 (2)

Zhou et al. [3] outlined the major types of resistances to transport
involved in vanadium redox flow batteries (VRFBs), highlighting the
charge transport overpotential and the mass transport overpotential as
the two major sources of loss in performance, which need to be im-
proved. In this work, the focus has been kept on the mass transport
losses incurred in VRFB electrodes and therefore, an attempt has been
made to characterize the transport processes parameters in the elec-
trodes.

Selecting appropriate electrodes is critical to the optimization of
VRFBs. The electrodes provide the active sites for the reaction to occur.
Their structure defines the electrical conductivity as well as describe the
electrolyte flow, thereby impacting both the activation overpotential
and the concentration overpotential [8] and thus influencing the mass
transport overpotential. According to Minke et al. [8], a good electrode
for VRFB application should have high electrical conductivity, high
specific surface area, and high chemical stability. This makes carbon
felts suitable for the electrodes [9].

In the selection of electrodes, four goals need to be fulfilled:

1 The maximum electrochemically active surface area should be
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available, addressing the need for larger surface area per projected
area.

2 The pressure drop of the fluid passing through the electrode must be
low, in order to minimize the parasitic loss arising from pumping
power.

3 The saturation of the electrode by the electrolyte must be maximized
such that the largest possible electrochemically active area is
maintained providing the largest area for the reaction to occur and
maintaining low reaction rates.

4 The effective rate of diffusion of electroactive ions (Vanadium ions
in this case) should be maximized in order to ensure the reactants
reach the electroactive sites rapidly and the products are removed
efficiently.

Significant work has been done in developing and modifying carbon
felt electrodes to improve the performance of VRFBs [9–12]. Several
authors have investigated the possibility of using electrospun carbon
nanofibers as electrode materials for VRFBs [13–17]. However, more
needs to be done in characterizing the different transport mechanisms
in these electrodes for better comparison of the electrodes. Kim and
Park [18] experimentally measured the effect of temperature on
transport parameters such as activation overpotential and ohmic
overpotential, demonstrating that performance of the VRFBs improves
with temperature up to a temperature of 318 K (44.85 °C). Zhang et al.
[19] also demonstrated an improvement in performance and voltage
efficiency up to a temperature of 55 °C, although a decrease in columbic
efficiency was observed with increasing temperature over the same
range. Wang et al. [20] investigated the impact of compression on the
transport parameters, and showed a decrease of permeability with an
increase in compression of the felt. The compression also increased the
intrusion of the felt into the flow channels, resulting in an increased
pressure drop. This effect of compression on intrusion and pressure
drop has also been shown in earlier investigations for PEM fuel cells
[21]. Kok et al. [22,23] used X-ray computed tomography to investigate
structural parameters of electrodes for VRFBs. They demonstrated that
their electrospun carbon nanofiber electrodes manufactured in-house
had fairly uniform fiber diameters of about 2 μm diameters, while local
porosity showed significant heterogeneity in the through-plane direc-
tion varying between 84% and 96%.

Schweiss et al. [24] used in situ electrochemical measurements to
identify the factors which impact the performance of the flow battery
cell the most. They demonstrated that surface oxygen groups on the
carbon fibers are beneficial to the negative electrode (V2+/V3+), but
has no significant impact on the positive electrode (V4+/V5+). On the
positive electrode, the electronic conductivity of the felts was shown to
be the most important criterion. Eifert et al. [25] also demonstrated
that the high hydrogen gas evolution at the positive electrode could
result in multi-phase flow.

The electrolyte flow in VRFBs can be classified into flow-through
type and flow-by type based on the bipolar plates used in the VRFB cell
[26–28]. Conventionally, most investigations have focussed on the
flow-by type of flow fields for their similarity with fuel cells as well as
small pressure drops [28–30]. One of the main drawbacks of flow-
through type flow fields involve high pressure drops due to the high
resistance of flow through a porous media compared to that through a
channel. However, Houser et al. [26] demonstrated that the parasitic
power loss due to the increase in pressure drop can be countered by
optimizing operating conditions and flow rates. The higher electro-
chemical surface area available for the reaction when operating as a
flow-through electrode, allows for higher current densities to be
achieved even with lower flow rates. The benefits of a flow-through
design is observed most clearly at the low flow rates where they result
in higher performance, while the flow-by design shows a higher per-
formance at higher flow rates [28]. In order to improve these predic-
tions of pressure drop and parasitic losses, it is important to understand
the transport properties of different materials.

Pore network modeling is a powerful modeling approach that sim-
plifies the computation of flow properties through a porous medium by
treating the pore space as a network of pores connected by throats.
Although the technique was first developed for low porosity materials
[31,32], the modeling technique has been shown to work well for high
porosity materials [33,34]. They have been successfully used to model
the transport of reactant gases and product water through the gas dif-
fusion layers of PEM fuel cells [35–39], which are also carbon fiber
based porous medium with a porosity greater than 80%. Several au-
thors have used the modeling approach of pore network modeling to
predict the saturation, permeability and other transport properties
through high porosity materials [34–36,40–42].

In this work, three commercially available carbon felt electrodes
from SGL® Carbon and one carbon felt electrode from TOYOBO® have
been investigated for their different transport properties. These have
been used to demonstrate the utility of our modeling approach in
identifying the transport properties and in comparing materials for their
transport properties. These four materials have been compared for both
diffusive transport as well as pressure driven transport.

2. Methodology

This section describes the samples investigated and their basic
properties, as well as the characterization techniques used in this work.
Pore network modeling is used to investigate the transport properties of
the carbon felt electrodes.

2.1. Description of samples

Three samples of carbon felt electrodes from SIGRACELL battery
electrodes (a division of SGL Carbon, Meitingen, Germany), and one
sample of carbon felt electrode from TOYOBO (Osaka, Japan) were
investigated in this study. Details of the carbon felt electrodes are
provided in Table 1, which are obtained from the manufacturer’s spe-
cification sheets.

SGL KFD 2.5 is the thinnest of the three SGL samples with a thick-
ness of 2.5mm. The thickness of the samples increases progressively to
4.6 mm for GFD 4.6 and 6mm for GFA 6. The samples have their
thickness included in their code name, making it easier to recall. The
XF-30 A electrode from TOYOBO has a thickness of 4.3 mm, which
makes it best comparable to GFD 4.6 in terms of thickness. Each of the
samples was investigated in their pristine form, and after activation.
Activation involved baking the sample at a temperature of 400 °C for a
25-hour period in ambient air. The activation has been recommended in
the literature [11,43] and has been shown to improve the performance
of the electrode during operation of the VRFBs. The impact of activation
on the samples will be discussed in the results.

2.2. Contact angle measurement

The surface wettability of the carbon electrodes was measured
through the analysis of contact angles. The static contact angle was
measured for each of the samples using a goniometer (KRUSS GmbH,
Germany) coupled with a DSA 10 Mk2 (KRUSS GmbH, Germany) drop

Table 1
Summary of properties for the samples studied in this investigation (in non-
activated state).

Properties KFD 2.5 GFD 4.6 GFA 6 XF-30A

Thicknessa (mm) 2.5 4.6 6 4.3
Areal Weighta (g/m2) 250 465 500 330
Open Porositya (%) >90 94 95 –
Contact Angleb (Pristine) 138°± 6° 143°± 4° 137°± 5° 135°± 5°

a from manufacturer specifications.
b measured.
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shape analysis system. The drop shape and the contact angle were ex-
tracted using the sessile drop model. The contact angle for each of the
pristine samples is shown in Table 1.

The measurements were repeated after the samples were activated
as described above. The materials became hydrophilic after activation
and the droplet was wicked into the porous structure as soon as it in-
teracted with the internal pores. As the water droplet was wicked in, no
contact angle could be measured, and a hydrophilic contact angle of 40°
is assumed for all the activated samples. This is in agreement with
Gopalan and Kandlikar [44], who demonstrated that the surface
roughness of porous materials makes it difficult to measure the contact
angle on their surface.

2.3. X-Ray CT

The carbon electrodes were investigated by imaging their structure
using X-ray computed tomography (X-ray CT) conducted with a
Skyscan 1172 desktop device (Bruker Corp., MA, USA). A series of
radiographs were captured at an energy level of 36 kV, with a source
current of 222 μA. The images were captured after rotating the sample
sequentially by 0.2° at each step, and the spatial resolution obtained
was 2.07 μm/pixel. These images were then reconstructed into a grey-
scale three-dimensional image using NRECON® software (Bruker
Corp.). The imaging and the analysis have been used in a manner
consistent with the literature [40,45,46].

The output from the reconstruction software was a greyscale three-
dimensional image. A threshold is applied to this to identify the solid
regions of the porous material and thereby isolate the pore space. The
threshold is applied in the image manipulation software FIJI (ImageJ)
[47]. Additionally, a median filter is used to remove any remaining
noise after the threshold process. The final result is a binary image
where 0 s are used to represent the pore space and 1 s are used to re-
present the solid space.

2.4. Pore space extraction

The binary image obtained from the segmentation of the X-ray CT
image was then used to obtain the pore space information. This image
marks all the solid regions as 1 s while all the pore regions are marked
as 0 s. An algorithm developed by Gostick et al. [48] was utilized to
extract the pore space of the carbon felt electrode in the form of pores
and throats, to be modeled using the pore networking modeling ap-
proach. The pore space is extracted using a watershed segmentation
which isolates the void space based on the distance from the nearest
solid (fiber) region. The algorithm is implemented using a Python code.
Fig. 1 demonstrates the definitions of pore and throat regions as has
been defined for the pore network modeling approach used here
[35,49–52]. The pore network modeling performed in this work is done
using the open source pore network modeling framework, OpenPNM
[49,50]. The basis of pore network modeling has been well described by
Hinebaugh et al. [33].

OpenPNM has previously been used to investigate high porosity
porous media such as gas diffusion layer for PEM fuel cells [35–39].
Gostick et al. [34,37,49] validated the model for such porous materials.
The development of the OpenPNM framework has been done to en-
courage other researchers to use it as a tool to investigate a variety of
materials [49,50]. In this work, OpenPNM has been utilized as it has
been successfully used with similar materials and the model is well
validated.

Fig. 2 presents the illustration of the materials investigated in this
study at the different stages of their processing. Illustrations are pro-
vided for the material KFD 2.5 for representation. The other materials
have been processed in the same manner. Fig. 2(a) shows the structure
of the felt electrode as obtained from the X-ray CT after it has been
segmented into the solid and void regions. Fig. 2(b) shows only the pore
network that is used for the simulation.

2.5. Permeability

The permeability of the porous media is calculated by applying a
pressure boundary condition on the two opposite faces of the network
and calculating the flux of fluid flowing through the network of pores
and throats. A pressure difference of 101,325 Pa (1 atm) is applied
across the opposite faces of the pore network. This is then used to
calculate the permeability using Darcy’s law [53–55], as shown in Eq.
(3).

=K Q
A

µL
P (3)

where Q is the flow rate of fluid passing through the porous media, μ is
the viscosity of the fluid, L is the distance the fluid travels through the
porous medium (thickness of sample in this case), A is the area of cross-
section, and ΔP is the pressure difference driving the fluid flow.

As seen from Eq. (3), the permeability of the porous media is im-
pacted by the pore space (porosity and tortuosity), and the surface in-
teraction between the electrode and the electrolyte. Permeability is a
property of the porous medium in response to pressure driven flow, and
therefore the viscosity of the fluid also has an impact.

2.6. Diffusivity

The diffusivity of the porous medium is calculated using the Fickian
diffusion model. This is applicable as the pores in this material have a
diameter larger than 1 μm, and Knudsen diffusion does not have a
significant contribution to the overall transport process [56,57]. Ad-
ditionally, as the electrode is flooded with electrolyte during operation,
the mean free path for molecules is very small, leading to insignificant
contribution of Knudsen diffusion.

In calculating the Fickian diffusion across the porous medium, a
concentration boundary condition is set at the two opposite faces of the
material and a linear transport assumption is used to calculate the
diffusive flux. The effective diffusion coefficient is calculated using
Fick’s law as shown below:

= ×
×

D L N
A C C( )in out (4)

where D is the diffusion coefficient, L is the path length (thickness of
material), N is the flux of diffusive component, A is the cross-sectional

Fig. 1. Representation of pore and throat configuration for calculation of pore
scale properties in the pore space.
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area, and Cin and Cout are the concentrations of the inlet and outlet
faces, respectively. This model of calculating effective diffusion coeffi-
cient has been used in the literature [58] and utilizes the inbuilt
functionality of OpenPNM [50].

From Eq. (4), it is observed that the flow is concentration driven and
is dependent only on the physical pore space. The diffusion mechanism
is not impacted by the fluid properties (such as viscosity) and the ma-
terial surface properties.

In the presence of the electrolyte, the diffusion coefficient is mod-
ified such that saturated pores contribute to the diffusion in accordance
with the effective diffusion coefficient of the saturating fluid, while
unsaturated pores are assigned the effective diffusion coefficient of the
ambient fluid. This is utilized to investigate the changes in diffusivity of
active V2+/ V3+/ V4+/ V5+ ions in the electrolyte with changes in
electrolyte saturation. This diffusivity in the presence of two-phase in-
teraction, is presented as the relative diffusivity. The relative diffusivity
is calculated as shown in Eq. (5).

=D
D

Drelative
two phase

single phase (5)

2.7. Imbibition

Pressure drop has been shown to be a key concern in the flow-
through type electrode design. In order to better characterize the
pressure drop, the imbibition curve is calculated which demonstrates
the pressures required to invade the porous medium to different levels
of saturation. A fully saturated porous media results in the highest ac-
tive surface area available for the reaction to take place. The pressure is
increased until a fully saturated porous media is obtained. The rate of
change of saturation with respect to the capillary pressure applied to
invade the pore space gives us an insight into the ease of transport in
the pore space. The imbibition plot also provides information about the
pores that may never get filled in a real application due to a large ca-
pillary pressure jump.

2.8. Invasion percolation

To track the invasion of the electrolyte into the porous layers, an
invasion percolation algorithm was utilized. The invasion percolation
algorithm used was presented in detail by Fazeli et al. [44] and has
been built into the OpenPNM framework [50]. The process of invasion
percolation follows the definition outlined by Wilkinson and Willemsen
[50]. The invasion process neglects viscous forces and calculates
transport by capillary forces. In simulating the invasion percolation
through this porous medium, one face of the porous medium was
completely saturated with the electrolyte and the transport was tracked

as the electrolyte percolates through the porous domain to reach the
opposite face of the medium. When the first pore of the opposite face
was invaded by the electrolyte, this point was referred to as the
breakthrough point, and the saturation of the porous medium at the
time of breakthrough, and the pressure required to reach breakthrough
were both calculated. The point of breakthrough represents a state in
which the electrolyte has a continuous path through the electrode and a
flow path can be maintained. It is the lowest pressure for the electrode
to be utilized with the particular electrolyte.

3. Results & discussion

In this section, the results of the evaluation of the pore structure,
contact angle, and the transport properties are presented. Comparisons
are drawn between the four samples studied in this investigation as well
as the impact of activation of the samples on their transport properties.
The impact of the transport property on the VRFB performance is also
highlighted to provide context to the findings.

3.1. Pore size distribution

Fig. 3 shows the distribution of the pore diameters of the four
samples investigated. They all display a similar distribution of pore
diameter distributions. The pore diameters obtained from the pore
network extraction have been binned into groups of 5 μm widths and
the frequency of their occurrence tallied. It is observed that no pores
were found to be smaller than 10 μm for all the samples. The modal

Fig. 2. Pore network extraction of a sample GFA 6. (a) Three-dimensional image of X-ray CT of sample. (b) Spherical representation of the pore network as obtained
for the sample.

Fig. 3. Distribution of pore diameters of the four materials evaluated in this
study.
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pore size for these carbon felt electrodes can be observed to be between
30–40 μm for the three SGL samples, while XF-30 A demonstrated
slightly higher pore sizes with the modal value observed between
35–50 μm. Beyond the modal value, the number of pores decreases with
an increase in pore size with a negligible number of pores being larger
than 150 μm. This trend holds true for all the carbon electrodes being
investigated in this study. However, the number of pores for each of the
electrodes varies significantly, with KFD 2.5 having approximately
36,000 pores, GFD 4.6 having 62,000 pores, GFA 6 having 76,000
pores, and XF-30 A having 64,000 pores, for the same cross-sectional
area of investigation. This is attributed to the different thickness of each
of these samples, as reported in Table 1, which provides details about
each of the electrode materials. GFA 6 is the thickest sample and
therefore has the most volume for the given area of investigation, re-
sulting in the largest number of pores, while KFD 2.5 is the thinnest
sample, resulting in the least volume for the given area, and the
smallest number of pores.

From the distributions of pore diameters, it was observed that the
three carbon felt electrodes from SGL have a similar internal structure,
although their thicknesses are different. For a direct comparison of pore
structure, GFD 4.6 and XF-30 A can be compared as they have similar
thickness and the number of pores obtained (< 5% difference). From
the distribution of pore diameters, it can be observed that the XF-30 A
electrode has more pores larger than 50 μm, while GFD 4.6 has a
greater number of pores below 50 μm. The impact of these differences
in pores sizes will be explored in the future sections on transport
properties. Larger pore sizes are usually indicative of lower resistance to
fluid flow. Therefore, the pore size distribution is of interest to both
single-phase and two-phase flow.

3.2. Transport properties

Mass transport occurs in the flow battery electrodes via both per-
meability as well as by diffusion, as discussed earlier. Table 2 shows the
values of permeability and diffusivity for each of the samples along the
thickness of the electrode. It can be observed that permeability along
the direction of thickness decreases with an increase in the thickness of
the sample. It is important to note that XF-30 A has a 70% higher
permeability compared to GFD 4.6, while both have similar thicknesses.
This difference in permeability is driven by the larger pores in XF-30 A,
as observed in Fig. 3. The importance of the higher permeability derives
from the lower pressure drop expected from the highly permeable
material, thus leading to lower parasitic losses. Therefore, even under
single-phase flow, the lower permeability is a desirable feature for flow-
through type flow batteries, so that the parasitic pumping losses are
minimized.

Single-phase diffusivity was calculated through the porous network
using the Fickian Diffusion model, as described in Section 2.6. The
single-phase diffusion coefficient is calculated for both air as well as for
water, which is representative of the electrolyte phase. The single-phase
diffusion coefficient is also calculated for comparison with other dif-
fusion media (carbon paper) from the same manufacturer. The com-
parison is shown in Fig. 4, and it can be observed that the single-phase
diffusion coefficient is in the same range as that for the carbon paper

materials of much lower thickness. However, it was also observed that
the diffusion coefficient decreases very slightly with an increase in
thickness, as was expected as the diffusion has to happen through a
longer path of diffusive medium. For XF-30 A, the single-phase diffusion
coefficient was found to be slightly higher than GFD 4.6. This is ex-
pected to lead to an improvement in mass transport overpotentials and
therefore an improvement in overall performance. A higher single-
phase diffusion coefficient is desirable in order to maintain a uniform
concentration distribution at high utilization rates, as well as providing
a high rate of removal for the product ions. In both flow-through and
flow-by type configurations for flow batteries, a higher single-phase
diffusion coefficient is desirable.

3.3. Electrolyte invasion into electrode

Fig. 5 shows the imbibition curves for the four materials in the non-
activated state (contact angle of 140°). After activation, the materials
become hydrophilic and therefore water can invade into the pores with
greater ease. It was observed from the figures that the saturation un-
dergoes a logarithmic increase with an increase in pressure. The sa-
turation increases rapidly from a saturation of close to zero to a sa-
turation of 0.1 for a small increase in pressure. For the saturation to
increase beyond 0.9, the pressure increase is much more significant.
Table 3 shows the pressure required to achieve set values of saturation.
From the table, it is observed that the pressure increases are linear

Table 2
Permeability and single-phase effective diffusion coefficient values calculated
for the four materials.

Material Single Phase Diffusion Coefficient (m2/s) Permeability (Darcy)

Air Water

KFD 2.5 9.02E-06 4.36E-10 15.58
GFD 4.6 8.23E-06 3.98E-10 10.69
GFA 6 7.47E-06 3.62E-10 7.32
XF – 30A 8.74E-06 4.23E-10 17.49

Fig. 4. Comparing single phase diffusion coefficient of SGL materials. Values
calculated with OpenPNM are in the same range as experimentally measured by
LaManna and Kandlikar [59].

Fig. 5. Imbibition curves for the four materials. Contact angle of 140° con-
sidered, assuming non-activated samples.
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between the saturation range of 0.1 to 0.9. Above a saturation of 0.95, it
is increasingly difficult for the fluid to access the final pores, as these
are the smallest pores with the highest entry capillary pressures. There
is an increase of 43.87 kPa of pressure for a saturation increase from
0.95 to 1.0 in the case of KFD 2.5, while for GFD 4.6 the pressure in-
crease is 43.86 kPa, for GFA 6 the pressure increase is 42.58 kPa, and
for XF-30 A the pressure increases by 46.62 kPa. This jump in pressure
for the final 5% saturation indicates that the small pores require the
extra pressure to be filled in, and it might be beneficial to operate the
VRFBs with a saturation of 90 to 95%, thus taking advantage of the
lower pressure gradient. This could result in lower parasitic losses and
therefore overall higher efficiency. While the three SGL electrodes share
the same porous structure, XF-30 A has larger pores. This manifests it-
self in the electrolyte invasion behavior and was observed as XF-30 A
consistently reached higher saturation for the same capillary pressure,
as larger pores fill first.

Understanding the invasion pressure is important in the case of flow
batteries, even though the batteries are operated in single-phase con-
ditions as the pressure used to saturate the electrode at start-up can
have a direct impact on the saturation. This allows us to predict the
pressure required to achieve high levels of saturation. A partially sa-
turated electrode at startup will remain partially saturated throughout
the operation, and therefore reduce the surface area available for
electrode – electrolyte interactions. Thus, the saturation is an important
criterion to be achieved if the maximum electrode surface is to be
utilized even in single-phase flow condition.

Fig. 6 shows the imbibition curve for the same materials in the
activated state. A contact angle of 40° is assumed for these materials in
the activated state, as discussed in Section 2.2. In Fig. 6, the y-axis
shows the saturation and the x-axis shows the pressure required for the
electrolyte to be invaded into the electrode. It was observed that the
capillary pressure is negative for the hydrophilic material, as the

material is a wicking material and the electrolyte is wicked into the
electrode, creating a negative pressure. This is consistent with results
reported in the literature with hydrophilic samples [60]. In contrast to
the results for the non-activated state shown in Fig. 6, it can be ob-
served from Fig. 7 that the saturation increase occurs in a step-wise
manner. The step-wise growth in saturation indicates that different sets
of pores become available to the electrolyte at increasing pressure and
once the set of pores become available, they are immediately filled,
resulting in a sudden jump in the saturation. These individual sets of
pores are separated by their entry pressures.

Table 3 shows the values of properties identified as part of the in-
vasion process of the electrolyte into the electrode. The breakthrough
pressure represents the pressure required to get the first connected
pathway from one side of the electrode to the other. This would allow
the fluid to flow through continuously through the electrode. The
breakthrough saturation is the saturation of the electrode at the time of
the breakthrough. It is apparent from the data that the saturation re-
mains quite low at the time of the breakthrough and therefore cannot
be used as the saturated condition of the electrode. Also shown in
Table 3 is the capillary pressure required to get the saturation to certain
important levels.

3.4. Invasion patterns

Fig. 7 shows the invasion pattern of the electrolyte as it invades into
the electrode material. Fig. 7(a) and (b) show the invasion patterns for
the sample of KFD 2.5 in the non-activated and activated states, at the
time of breakthrough. As seen in Table 3, the saturation of the electrode
in the non-activated state is much lower than when the electrode is
activated. This is also evident from the invasion patterns. The gradient
of color shows the order in which the pores are invaded. No clear trend
was observed in the order of pore invasion for this electrode.

Fig. 7(c) and (d) illustrate the invasion patterns for GFD 4.6 in the
non-activated and activated states, respectively. From Table 3, it is
observed that the saturation of the non-activated electrode is higher
than the saturation of the activated electrode. This is not in agreement
with the trends observed in the KFD 2.5 electrode. However, if the order
in which the pores are filled is observed, it can be seen that in the
hydrophilic case, the pores are primarily filled in a single direction
(from left to right), whereas the pores are filled in a less directional
manner in the hydrophobic (non-activated) case. Fig. 7(e) and (f) show
the invasion patterns for GFA 6 electrode in the non-activated and ac-
tivated states respectively. The same trends as GFD 4.6 electrodes are
observed. The saturation of the non-activated GFA 6 electrode is higher
at breakthrough compared to the activated electrode. Additionally, the
directional nature of invasion as seen in GFD 4.6 is also observed in
GFA 6.

Fig. 7(g) and (h) present the invasion patterns for XF-30 A in the
non-activated and activated states, respectively. From Table 3, it was
known that the breakthrough saturation was lower in the non-activated
state. This is reinforced in the invasion patterns. Additionally, there is
again a directional component to the order in which pores were filled,
similar to the observations for GFD 4.6 and GFA 6. This indicates that

Table 3
Breakthrough saturation and capillary pressure at important stages of electrolyte invasion.

KFD 2.5 GFD 4.6 GFA 6 XF 30A

Non Activated Activated Non Activated Activated Non Activated Activated Non Activated Activated

Breakthrough Saturation 0.157 0.276 0.220 0.174 0.311 0.236 0.095 0.105
Capillary Pressure (kPa) At Breakthrough 4.86 −26.99 5.86 −27.00 5.77 −31.43 4.22 −27.06

At 50% saturation 6.79 −24.13 7.28 −24.06 8.35 −26.86 5.67 −24.02
At 80% saturation 9.36 −17.93 9.96 −17.95 10.75 −22.15 7.53 −17.78
At 90% saturation 11.69 −14.80 11.73 −15.44 12.96 −17.96 8.86 −13.40
At 100% saturation 56.93 −1.24 56.91 −1.62 56.91 −1.95 57.21 −0.88

Fig. 6. Drainage curves for the four materials. Contact angle of 40° considered,
assuming activated samples.
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the directional component of invasion occurs only with thicker samples.
The difference in the saturation and invasion trends observed between
KFD 2.5 and the three other electrodes (GFD 4.6, GFA 6, and XF-30 A)
can be estimated to be due to the smaller thickness of the KFD 2.5
electrode which results in fewer pores required to be filled before the
breakthrough state is reached.

3.5. Relative diffusivity

Fig. 8 shows the relative diffusivity of the electrolyte with changes
in saturation of electrolyte in the porous electrode. The relative diffu-
sivity increases with an increase in saturation of the electrolyte, al-
though no significant diffusivity is observed below a saturation of 0.3.
At the low saturation levels, the electrolyte does not have a continuous
path across the whole of the electrode, resulting in the negligible levels
of relative diffusivity. All the SGL samples of felt electrodes in both the

activated and non-activated states showed the same trend for relative
diffusivity. This demonstrates that the relative diffusivity is dependent
on the internal pore structure of the electrode, as the internal structure
is the same for all three of these electrodes, as shown in Section 3.1. The
relative diffusivity of the electrolyte is independent of the thickness of
the electrodes or its activation state. The relative diffusivity of the
electrolyte demonstrates an exponential increase reaching a value of
unity, i.e. equal to the single-phase diffusivity, which is expected as
single-phase diffusion state is reached when the electrode is fully sa-
turated with the electrolyte. The flow battery is unable to function at
saturations below 0.3 where the active charge-carrying ions can neither
maintain a continuous diffusive path to the reaction sites and the pro-
duct ions cannot be effectively removed. This result demonstrates that a
lower threshold exists for the saturation of the electrode, below which
the VRFB is unable to maintain continuous operation.

From the figure, it is also evident that XF-30 A has a small difference

Fig. 7. Invasion patterns observed for the electrolyte invasion into the electrodes for the four materials under both non-activated and activated states: (a) KFD 2.5
Non Activated (b) KFD 2.5 Activated (c) GFD 4.6 Non Activated (d) GFD 4.6 Activated (e) GFA 6 Non Activated (f) GFA 6 Activated (g) XF-30 A Non Activated (h) XF-
30 A Activated.
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in the relative diffusivity resulting from the small difference in pore
structure observed in Section 3.1. In the saturation range of 0.4 to 0.9,
XF-30 A shows a slightly lower relative diffusivity compared to the SGL
felt electrodes which have identical pore size distributions. From Sec-
tion 3.1 we know that XF-30 A has more of the larger pores. As the
pores are filled, if the larger pores are filled, they occupy a larger vo-
lume and therefore the saturation increases, although that might not
result in more connected pathways. The distribution of these connected
pathways provides a good measure fo the relative diffusivity of the
electrolyte through the electrode.

4. Conclusions

In this work, three commercially available carbon felt electrode
materials from SGL Carbon, and one carbon felt electrode from
TOYOBO Carbon have been investigated for their different transport
properties. As part of this work, the single-phase diffusion coefficient,
single-phase permeability, relative diffusivity, and the imbibition trends
are obtained for each of the three materials. From these investigations,
the following conclusions can be drawn:

• All of the studied materials have similar internal pore structures,
although the thickness of the samples is different for the three SGL
materials, and the electrode from TOYOBO has larger pores.
• The single-phase permeability and the diffusion coefficient de-
creases with the increase in thickness of the sample.
• The three materials have similar imbibition curves representing the
pressure required for the invasion of the electrode by the electrolyte.
The entry pressure into the sample increases at the lowest saturation
levels, with an increase in thickness. Changing the wettability has a
strong impact on the imbibition curve.
• Relative diffusivity is not impacted by the thickness of the samples
or the activation state, but rather is a function of the internal pore
structure of the materials.
• Electrode saturation lower than 30% is unable to sustain continuous
operation of a VRFB due to the low relative diffusivity which hinders
the supply and removal of active charge-carrying ions to and from
the reaction sites.

This work also highlights a set of pre-existing tools which can be
utilized to understand the transport properties of VRFB electrodes.
These tools can be used to compare materials of different pore structure
and gain a better understanding of the requirements for an improved
Vanadium redox flow battery.
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A B S T R A C T

In a flow battery setup, carbon felt materials are compressed to obtain higher performance from the battery. In
this work, a commercially available carbon felt material, commonly used as electrodes in Vanadium Redox Flow
Battery setups was evaluated for the transport properties (diffusivity, permeability, pressure drop required for
maintaining flow, among others) while under seven set levels of compression, using an image analysis coupled
with pore network modeling approach. X-ray computed tomography has been used to obtain the microstructure
of a commercially available electrode under compressed conditions. An open-source pore network modeling
tool, OpenPNM has been used to investigate the transport properties of the porous felt material at each of the set
compression levels. The results from the modeling are compared against experimentally obtained electrolyte
transport patterns visualized using synchrotron X-ray radiography. The electrical resistance of the carbon felt
electrode was measured experimentally using a four-probe method. The compression resulted in a 58% reduc-
tion in permeability, and a 25% reduction in single-phase diffusion. This combination of ex-situ characterization
of the electrical and fluid transport through the electrodes provides valuable data for modeling flow battery
systems, and validating hypothesis from in situ testing.

1. Introduction

Redox flow batteries (RFBs) are an attractive option for grid-scale
energy storage as they allow the energy capacity and the power density
to be decoupled [1], thereby reducing the cost of installed energy sto-
rage capacities. A critical component of the RFBs is the carbon felt
electrodes which provide the surface area for the reaction to occur. The
structure of these electrodes is crucial to the operation as it defines the
ease of flow of the electrolyte through the electrode, electrical con-
ductivity, and structural stability [2]. Highly porous carbon felt mate-
rials have become the electrode of choice for RFB applications [3,4].

Gonzalez-Garcia et al. [5] presented an early study of the structural
properties of carbon felt based porous media highlighting the need to
investigating carbon felt based materials, using mercury porosimetry
and reported the permeability, porosity, specific surface area, and the
electrical resistivity of the material (RVC 4002 carbon felt from Le
Carbone Lorraine) studied. One of the approaches used to improve the
performance of the RFBs is to increase the compression of these carbon
felt electrodes. Davies and Tummino [6] demonstrated that higher

performance could be extracted from Vanadium RFBs by compressing
the felt electrodes to higher pressures. Their work was conducted on a
carbon felt material from SGL Carbon (Meitingen, Germany), GFD
4.6EA. The authors showed that both the felt resistance and contact
resistance of the felt electrodes decreased with increasing compression.
They also demonstrated that the pressure required to pump the elec-
trolyte through the electrode in a flow-through configuration increased
linearly with compression. Research has also been done into decreasing
the pressure required to pump the electrolyte by application of lu-
bricant impregnated surfaces [7], and by the selection of other elec-
trolytes [8]. Banerjee et al. [9] compared the pore space and the
pressure required for saturating different electrode materials from two
different manufacturers, including GFD 4.6EA from SGL Carbon.

Chang et al. [10] investigated the change in structure and electrical
properties of carbon felt electrodes with an increase in compression,
studying the effects of up to 40% compression. They demonstrated that
the porosity decreases from over 80% to below 60% when subjected to
a compression of 40%. They hypothesized that the large reduction in
porosity was a cause for concern as the resistance to electrolyte flow
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would increase significantly as a result. They also measured the elec-
trical resistance and showed that the electrical resistance decreases
rapidly with increase in compression, demonstrating a decrease in
electrical resistance of up to 80% resulting from a compression of 40%.
Oh et al. [11] used the morphological and electrical properties reported
by Chang et al. [10] to develop a numerical model to predict the impact
of compression on the energy efficiency of the Vanadium RFB, de-
monstrating that higher electrode compression resulted in higher en-
ergy efficiencies.

In a more recent work, Ghimire et al. [12] investigated the impact of
compression of felt electrodes on the in situ performance of Vanadium
RFBs. They demonstrated that with increasing compression the per-
formance of these RFBs improved. However, when the compression was
increased above 25 – 30%, the performance starts to decrease. This
same trend was also observed in energy efficiency and discharge effi-
ciencies. The authors also demonstrated that this in situ measured in-
ternal resistance also showed a decrease with increasing compression,
demonstrating that the ex-situ results align with the in situ behavior.

Jervis et al. [13] investigated the impact of compression of carbon
felt electrodes on their structural properties, using X-ray computed to-
mography measurements of a 4.6 mm thick carbon felt from SGL. The
authors studied the compression up to 90% reduction in thickness; and
demonstrated that the porosity decreased from over 90% to below 70%,
and showed a non-linear decrease. They also showed that with the in-
itial increases in compression, the volume-specific fiber surface area
remained steady, however, a sudden reduction in the surface area was
observed when the compression was increased to 90%.

X-ray computed tomography is a powerful tool to investigate the
structural properties of the carbon felt electrodes. It has been used in
several works to investigate carbon felt and carbon paper materials for
redox flow [9,13] applications. It is often coupled with pore network
modeling to investigate liquid or gas transport through porous mate-
rials [9,14–17].

In this study, a commercially available carbon felt electrode mate-
rial is investigated for the impact of compression on the pore space
characteristics and on the transport of the electrolyte through the
electrode. The carbon felt is compressed to 7 levels of thickness and the
structure is scanned using X-ray computed tomography. The resulting
structure is converted to the equivalent pores space, and the transport
properties of the electrode are simulated using an open-source pore
network modeling approach. The simulation results have also been
compared with experimentally obtained synchrotron X-ray radiography
results as reported in a parallel study [18]. Electrical conductivity has
also been measured and reported at each of the compression levels.

One goal of this study is to provide an insight into the impact that
compression of electrodes has on the internal pore space. A well studied
felt electrode has been investigated in this study in order to increase the
applicability of the results as well as the ability to find other data which
complements the understanding gained from this work. The new un-
derstanding gained from this study about the impacts of compression
can be utilized in designing new felt electrode materials to perform
better at a range of compression levels.

2. Methodology

In this work, a GFA 6EA carbon felt, from SIGRACELL battery
electrodes (a division of SGL Carbon, Meitingen, Germany) was in-
vestigated. The sample was sequentially compressed by 67% (67% re-
duction in thickness) and X-ray computed tomograms (X-ray CT) were
obtained at each set compression level, as shown in Table 1.

The compression was applied using a material testing stage MTS1
(Bruker Corp.). The electrode had an uncompressed thickness of 6mm,
and at maximum compression (67%) was reduced to a thickness of
2mm. For the compression experiments, a circular sample of 10mm
diameter was measured. A segment of the image with a square cross-
Section 2 mm of side length was taken from the center of the image for

further analysis. The length 2mm was selected as it provided a large
enough sample to be representative of the felt material, as demon-
strated by Fishman et al. [19] and George et al. [20]. Picking a larger
sample subset would make the computation time longer without any
added benefits. A 3mm x 3mm sample has 2.25× the cross-sectional
area, and for a fixed thickness, 2.25× the volume. Therefore, there
would significantly more pores and throats that would need to be
computed without further improving the accuracy of the results sig-
nificantly. Fig. 1 shows the tomograms as the compression is increased.
Compression was applied by setting levels of displacement which re-
sulted in the thickness being reduced by set values. The felt was allowed
a relaxation time of 300 min between the application of compression
and when the imaging was initiated to allow the material to stabilize.
This was done to eliminate movement of the sample during the ima-
ging, which would result in movement artifacts. Shorter relaxation
times were not used based off prior testing experience.

The X-ray CT images were captured using a Skyscan 1172 desktop
device at an energy level of 36 kV, and a source current of 222 µA. The
images were captured at rotation angle steps of 0.2° and a spatial re-
solution of 3.17 µm/pixel. The radiographs were reconstructed to form
the three-dimensional greyscale image stack providing information
about the structure of the material. The reconstruction was conducted
using NRECONⓇ software (Bruker Corp.). The methodology applied for
image acquisition and analysis is consistent with literature [9,17,21],
for porous carbon materials being used in redox flow batteries as well as
fuel cells.

The three-dimensional image obtained was binarized to identify the
solid and void regions. This was achieved by applying a universal
threshold to all of the samples and then using a median filter to elim-
inate any extra noise within the image. The process has been described
in detail in earlier works [9,14,15]. The pore space was identified into a
network of pores and throats using the SNOW algorithm developed by
Gostick [22]. The SNOW algorithm is a watershed-based segmentation
that identifies the pores based on the distance from the nearest solid
phase. The network of pores and throats can then be used to calculate a
variety of transport properties. Pore network models have been in use
for simulating transport through porous materials since their in-
troduction by Chatzis and Dullien [23] in 1977. One key advantage of
using pore network models is the ability to simplify the porous structure
and calculate transport properties at a lower computational cost. Pore
network models have been used to successfully predict transport
properties for cases with multiphase transport [24–27].

Transport properties such as permeability, single-phase diffusion,
and invasion behavior within the porous media were calculated using
the open-source pore network modeling framework OpenPNM [28,29],
as has been described in detail in our earlier work [9]. The electrolyte
was simulated to operate with a contact angle of 140° within the pores
for the hydrophobic (untreated) felts, based on experimentally obtained
values of surface contact angle [9]. For comparison with hydrophilic
(activated) felts, a contact angle of 40° was simulated within the pores.
Activated felts have been found to be hydrophilic [9]. OpenPNM was
also used to understand the pathways followed by the electrolyte in

Table 1
Compression parameters for the GFA 6.

Displacement
(mm)

Sample
thickness
(mm)

Percentage
compression (%)

Compressive
pressure (kPa)

0 6.0 0 0
0.5 5.5 8.33 9
1.0 5.0 16.67 14
1.5 4.5 25.00 23
2.0 4.0 33.33 35
3.0 3.0 50.00 86
4.0 2.0 67.67 283
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navigating through the porous space of the electrode at different levels
of compression. All the numerical results presented in this work, using
OpenPNM, are steady-state results with no intention of the authors to
imply any temporal resolution. This was also compared against ex-
perimental visualization results obtained using X-ray radiography
conducted at the Karlsruhe Research Accelerator (KARA in Karlsruhe,
Germany) at the Topo-Tomo beamline, presented in detail by Bev-
ilacqua et al. [18].

The permeability of porous materials is a single-phase transport
property, which defines the viscous transport resistance of fluid flow
through the pores. It was obtained through the application of Darcy's
law, where a pressure gradient was applied across the network of pores,
resulting in the flow of the electrolyte. The flux of fluid flow across the
network is calculated, and is used to calculate the permeability of the
porous media and its equivalent pore network, using Darcy's formula-
tion, as shown below:

=K Q
A

μL
PΔ

where K is the permeability of the porous network, Q is the volumetric
rate of fluid flow, A is the cross-sectional area of the network, µ is the
viscosity of the fluid, L is the thickness of the porous medium, and ΔP is
the pressure difference applied across the network.

In the case of calculating single-phase diffusion through the net-
work, Fick's law of diffusion is applied; such that a concentration of
Cinlet is applied to one end of the network, and a concentration of Coutlet

is applied to the other end, with L being the length of the network and A
being the cross-sectional area. The flux of the diffusive component is
measured across the network and represented as N, which can then be
used to calculate the effective diffusion coefficient of the network using
Fick's law of diffusion, as given below:

=
×

× −

D L N
A C C( )inlet outlet

Obtaining the invasion behavior of one fluid into the network, and
displacing a defending fluid, involves a multi-phase interaction within
the network. In this study, air is treated as the defending fluid, while the
electrolyte is treated as the invading fluid. The pressure of the de-
fending fluid is maintained at atmospheric pressure. The invading fluid
is introduced at one face of the network at neutral pressure and the
pressure is sequentially increased until the invading fluid enters into a
pore within the network. As the pressure is further increased, more
pores are sequentially filled which is tracked and can provide in-
formation into the resistance provided by the porous media for the
invading phase to enter and saturated the medium. Additionally, this
information can be used to predict the saturation of both the phases at

different pressures. The applicability of each of these transport prop-
erties is discussed in detail in an earlier work [9].

The X-ray radiography results presented in this work were collected
at a mean energy of 13.5 keV, at a frame rate of 25 fps and a spatial
resolution of 2.4 µm/pixel. The injection experiment was conducted
using an injection device developed in-house, and used in earlier stu-
dies [17]. Injection experiments were conducted at different levels of
compression to provide comparison points with the numerical study.
The injection experiments are described in detail in a parallel study
with a broad range of results relating to the impact of compression,
impact of felt activation, and the impact of using different electrolytes
[18].

Additionally, the through-plane electrical resistance was also mea-
sured at each of the set compression levels for the carbon felt electrode.
For the electrical resistance measurement, the compression was applied
using a Zwick/Roell Z005 universal testing machine. A sample with a
diameter of 25mm (circular cross-section) was obtained and the dis-
placement was set. The resulting force was measured, which provided
an insight into the compressive stresses being applied to the felt ma-
terial. A relaxation time of 30 min was applied. A reduced relaxation
time is used as the electrical resistance was continuously measured and
it was observed that no further change in resistance was observed.
Therefore, the reduced relaxation time was agreed upon. The electrical
resistance was measured using a four-probe two-point method. A cur-
rent of 1.0 A was applied through the sample and the resulting voltage
was measured. The electrical resistance was calculated using Ohm's
law. Table 1 shows the compressed sample thickness, percentage
compression, and the compressive pressure at each level of displace-
ment.

3. Repeatability and reproducibility

As presented, a number of processes are followed both in imaging
the felt material, obtaining the equivalent pore network, and then
calculating the individual transport properties. Some of these processes
include the possibility of introducing uncertainty in the result, while
others are deterministic and will not introduce any changes to the final
result. In this section, the sources of uncertainty are discussed and their
possible impact on the results are discussed.

The first step in this procedure is to compress the sample to the
predetermined compression. A single sample is sequentially compressed
to avoid variation in the starting thickness. The sample is compressed to
set thicknesses which are 0.5mm apart, while the device (MTS1 by
Bruker Corp.) has an accuracy of 0.01mm. The results are presented for
the displacements such that the uncertainty in compression would not
result in a significant change (<2%) in the compression.

Fig. 1. Reconstructed tomograms of the compressed felt showing the change in thickness as the sample is compressed. The sample shown in the images has a side
length of 2mm, shown at compressions of (from left to right) 0%, 8%, 16%, 25%, 33%, 50%, and 67%.
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The second step in this procedure is imaging the compressed sample
using X-ray radiography and tomography. The imaging produces a
greyscale image which includes a certain level of imaging noise. This
quantification and mitigation of imaging noise have been studied for
porous carbon materials [19,30–32], specifically for GDLs (in PEM fuel
cells). However, the materials are similar, and the noise and error in
these images are comparable. Fishman [31] introduced a methodology
such that the GDL was considered to be present in images if at least 1%
of the image was occupied by solid carbon of the GDL. Odaya et al. [32]
also used this methodology in their work to study porous carbon ma-
terials. In a latter work, Banerjee et al. [21,33] utilized a modified
methodology where the expected mass of the GDL was used as a method
of calibrating the threshold for the images such that the density of the
GDL was maintained in the images as compared to the GDL being
measured. In this study, the latter methodology is utilized where a
threshold is applied to the image to tune it against the expected mass of
the GDL for the specified sample volume imaged. This allows the error
in the image thresholding to be minimized.

The next step in the process is the extraction of the pore network, as
described in the earlier section. This has been done using the algorithm
presented by Gostick [22]. The uncertainty calculated by Gostick was
lower than 2% for pores and less than 5% in the measurement of
throats. This process of extracting the pore network creates the domain
on which the simulations have been performed. Once the domain has
been finalized, the process becomes deterministic as the pore network
modeling algorithms operate on a pore by pore basis and therefore the
pathways taken by the fluid is deterministic and finite. A change can be
brought about by changing the inlet conditions, but those have been
kept constant in this study. Therefore, no further sources of error arise
in the calculation of the transport properties.

Considering the three sources of error described above, the root
mean square error of the measurements arising from sequentially con-
ducting these analyses is 3.46%. This is considered as the outer bounds
of uncertainty for the measurements presented in this study, and is used
as the error bounds in the data presented where applicable.

4. Results and discussion

Electrical resistance was measured in the carbon felt electrode
sample at different levels of compression, and the results are presented
in Fig. 2. Fig. 2(a) shows the electrical resistance as a function of the
compression of the carbon felt. It was observed that the electrical re-
sistance decreased linearly with increasing compression. Fig. 2(b) il-
lustrates the electrical resistivity (specific electrical resistance) as a
function of the compression of the felt. In this, it was observed that the
resistivity decreases with increase in compression for the first 20% of

compression, beyond which it reaches an asymptotic value of approx.
8.4 mΩ‧m. This suggests that the decrease in resistivity in the initial
20% compression arises from the increase in contact points as more of
the surface fibers come in contact with the stamps, while the resistivity
beyond this initial range does not change as there is no further change
in the fundamental property of the material. The initial decrease in
resistivity is attributed to improved contact and therefore lower contact
resistance, while the asymptotic value of the resistivity is the property
of the felt. This behavior of the resistivity reaching an asymptotic value
has also been reported by Kossenko et al. [34].

A similar behavior was also presented by Chang et al. [10] with
regard to the area-specific resistance of the carbon felts. Although they
didn't present results for this type of felt, their study included both
carbon felts as well as metal foam based felt materials. All these types of
felt materials showed a similar behavior of decreasing resistance with
compression to reach an asymptotic value. Gonzales-Garcia et al. [5]
also presented their measurements of electrical resistivity of carbon felt
materials, which was in the range of 10–16.3 mΩ m. In comparison, the
results presented in this work, demonstrate the electrical resistivity of
GFA6 ranges between 8–10 mΩ m and changes as a function of com-
pression. The results of Gonzales-Garcia were for a different carbon felt
material and therefore this level of variation is to be expected.

For the transport property calculations, a sample with a circular
cross-section of 10mm was cut and scanned at each of the same com-
pression levels. Fig. 1 shows the tomograms of the compressed felt for
each of the compressed states.

Fig. 3 shows the pore size distribution for the carbon felt electrode
as it undergoes different levels of compression. The pore sizes are ob-
tained directly after the pore space extraction using the SNOW algo-
rithm [22], and the pore diameters have been binned into intervals of
5 µm. In Fig. 3(a), the total pore frequency is illustrated. As expected,
the uncompressed sample has the largest number of pores and therefore
has the largest pore frequencies. As the level of compression is in-
creased the pore frequencies decrease at every pore diameter. The
highest level of compression results in the lowest pore frequencies. In
Fig. 3(b), the same information is presented as normalized pore fre-
quency, where the pore frequency at each pore size is normalized by the
total number of pores in the sample. As the sample is compressed, the
total volume of pores decreases (as shown in Fig. 4), and therefore the
normalized values show different trends. In the uncompressed sample,
the normalized frequency distribution demonstrates a higher ratio of
larger pores (pore diameters greater than 80 µm). The frequency of
larger pores decreases as the level of compression is increased. This is
complemented by the increase in smaller pores in the compressed felt as
the larger pores collapse into smaller ones. In the range of 30–70 µm
pore diameters, the uncompressed sample has a lower fraction of the

Fig. 2. (a) Electrical resistance, and (b) electrical resistivity as a function of compression for GFA 6, as measured directly.
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pores compared to the compressed sample. As the compression is in-
creased, the percentage of pores in this range (30–70 µm) increases.

Fig. 4 illustrates the quantifiable changes in pore structure with an
increase in compression. Fig. 4(a) shows the total pore volume per unit
area of felt, which decreases with an increase in compression. The pore
volume decreases linearly with compression and is reduced by up to
61% as the compression is increased to 67%. This is expected as the
compression decreases the total volume and the solid volume of the
fibers is unlikely to be reduced at these pressures, therefore, all the
compression is taken up by the porous volume. Fig. 4(b) shows the
mean pore diameters for the felt as compression is applied. Although
the median pore diameter is close to 50 µm, the mean pore diameter is
affected strongly by the distribution (shown in Fig. 3). The mean pore
diameter for the uncompressed felt is about 74 µm, which becomes
smaller with an increase in compression. This is attributed to the loss in
large pores, as was observed in the pore size distribution shown in
Fig. 3, and discussed above. As the large pores decrease in size, the
decrease in mean pore diameter is non-linear, which is observed in
Fig. 4(b). Fig. 4(c) illustrates the decrease in the maximum pore size in
the felt as it is compressed. The graph shows that the maximum pore
size decreases with an increase in compression, but does not follow a
linear relationship. This is because the parameter depends on a single
pore of that size within the domain and therefore can be affected by the
changes in a sporadic fashion. This metric provides a clear comparison
to the minimum capillary pressure required to get the electrolyte into
the felt, although the pore may be located anywhere in the domain and
therefore may not be accessible without first penetrating some smaller
pores, with a higher entry capillary pressure.

The pore sizes of the carbon felt materials presented in this work is
similar to the pore sizes reported in an earlier work by the authors
[9,35] along with pore sizes for a similar carbon felt (GFD 4.6) pre-
sented by Jervis et al. [13]. The pore sizes for these carbon felt mate-
rials range from 2–200 µm throughout literature.

In order to understand the accessibility of the larger pores, the ac-
cessible volume of the felt at each pore diameter is presented in Fig. 5.
On the horizontal axis is the pore diameter and the vertical axis re-
presents the fraction of pore volume that is accessible by a spherical ball
of the respective diameter. Using a small 1 µm spherical ball, 100% of
the volume is accessible, while using a spherical ball of 250 µm, the
porous space is not accessible at all. At pore diameters smaller than
50 µm, the effect of compression is not significant demonstrating that
the small pores are not affected by the compression. The larger pores
are impacted much more strongly and therefore using a spherical ball of
150 µm, only 2% of the pore volume is available at 67% compression

compared to 15% in the uncompressed case.
Fig. 6 shows the single-phase transport properties for the felt under

the set levels of compression. Fig. 6(a) presents the permeability of the
felt as a function of the compression applied. Permeability is calculated
using Darcy's law after applying Stokes flow through the network of
pores. A pressure difference of 101,325 Pa is applied across the two
opposite faces of the porous network (101,325 Pa at the inlet face of the
network, and 0 Pa at the outlet face of the network). The methodology
is presented in greater detail in an earlier work [9]. The permeability of
the uncompressed sample matches closely with literature, thereby va-
lidating the methodology [9,36]. It is observed that the permeability
decreases with increase in compression. This is expected as the pores
become smaller and therefore provide a larger resistance to the flow of
the fluid through the network. Also shown in the figure, is the impact of
compression on the transverse direction permeability. The permeability
in the transverse direction is higher than the permeability in the normal
direction of the felt. This is a similar behavior to similar material such
as GDLs for PEM fuel cells, as shown by Gostick et al. [37]. However,
the permeability in the transverse direction also followed the same
trend with an increase in compression.

Fig. 6(b) presents the single-phase binary gas diffusion coefficient of
air through the porous network of the felt, as a function of the com-
pression. The effective diffusion coefficient is calculated by applying
Fickian diffusion through the network of pores to obtain the effective
diffusion coefficient of the porous media. There is a similar decrease in
the effective diffusion coefficient of air through the sample with an
increase in compression. As the sample is compressed by 67%, there is a
decrease in the sample porosity resulting in a decrease in the single-
phase binary diffusion coefficient. A decrease in the effective diffusion
coefficient with a decrease in porosity is well established in literature
for a variety of porous materials [38–41]. Fig. 6(c) presents the single-
phase diffusion coefficient of water as a function of the increasing
compression of the felt. The results show the same trend as the effective
diffusion coefficient of air. The results for water would be expected to
show similar trends to the diffusion coefficient of active reactant par-
ticles in the electrolyte, which is 0.1 M VOSO4 in a 2M solution of
H2SO4, as the solution is an aqueous solution with vanadium and −SO4

2

ions [42,43]. The single phase effective diffusion coefficient reported in
this work, matches closely with the effective diffusion calculated nu-
merically [9] as well as experimentally obtained values for similar
materials [40].

Fig. 7(a) presents the saturation curve for the felt electrodes at each
level of compression. The imbibition process has been described in
detail in an earlier work [9]. It is observed that the entry pressure for

Fig. 3. Pore size distribution of the felt material as it is compressed to different levels. (a) absolute pore frequency (b) normalized pore frequency showing the ratios
of pore sizes.
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the fluid to enter the electrode rises with increased compression. The
entry pressure depends on the larger pores available in the sample.
With an increase in compression, the size of the largest pores decreases
rapidly (see Fig. 4c), and therefore higher pressures are required for the
pores in the electrode to be invaded. However, the pressure required to
fully saturate the felts does not change as the smallest pores are not

impacted by the increase in compression, as has been seen in Fig. 3. The
breakthrough pressure for each of the conditions is shown in Fig. 7(b).
It is observed that the breakthrough pressure shows a small dip at the
lowest compression level, but thereafter demonstrates a linear increase
in pressure with an increase in compression.

Table 2 presents a summary of the findings from Fig. 7 focusing on
the applicability of this data to the RFB stack which is likely to be
operated at certain pressures. Gundlapalli et al. [44] investigated the
pressure drop in cells of different sizes and demonstrated that with a
small cell size (100 cm2), the pressure drop was lower than 2 kPa, while
with a larger cell area of 414 cm2, the pressure drop varied between
4–16 kPa. Assuming the outlet is maintained at atmospheric pressure
(to maintain a high pump efficiency), the cell would be operated at the
value of the pressure drop, i.e. between 2 and 16 kPa (as predicted by
Gundlapalli et al. [44]). From Table 2, the saturation maintained at
three different pressures in this range can be observed. At 5 kPa, the
electrolyte has invaded the low compression electrodes (<25% com-
pression), while the highly compressed electrodes have not been in-
vaded by the electrolyte. Even in the case of low compression elec-
trodes, the saturation remains below 50%, therefore, this pressure is not
suitable for the efficient operation of the VRFB. At 7 kPa, the electrolyte
was able to invade into the felt electrode at each of the compression
levels. However, with higher compression levels, the saturation de-
creased. The maximum saturation of 85% was obtained at 8% com-
pression, while the minimum saturation of 33% was obtained at 67%
compression level. At 10 kPa, the saturation was very similar as all the
samples were nearly fully saturated (saturation >96%). This illustrates
that an operating pressure higher than the breakthrough pressure is
necessary for any given compression level, while an operating pressure
where the outlet is maintained at 10 kPa would enable the stack to
operate at high saturation (and high surface utilization).

Fig. 8 shows the invasion pattern for each of the compression levels.
For each of the figures, the invasion pattern is shown at the point of
breakthrough, at which point there is a continuous pathway through
the electrode and continuous operation can be sustained [9]. The colors
of the invasion pattern correspond to the order in which the pores are
invaded, which have been mapped to a blue to white colormap. Darker
blues show the initial pores of invasion, while lighter blues and whites
are the pores that are filled sequentially later. The lightest color on the
map is mapped to the breakthrough location or the location at which
invasion sequence ends.

From the figures, it is observed that the invasion pattern changes at
each compression level as there is a change in the pore structure. The
pores invaded can change with the change in the size of the pores at

Fig. 4. Pore statistics quantifying the changes in pore structure with an increase
in compression (a) total pore volume, (b) mean pore diameter, and (c) max-
imum pore size.

Fig. 5. Accessible pore volume as a function of pore diameter for the carbon felt
at set levels of compression.
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each invasion step. Additionally, the changes in the pattern are not
linear and therefore cannot be predicted. This is true for most two-
phase interactions [45,46]. The single-phase flow is much easily pre-
dicted while two-phase interactions require experimental or simulated
experimental verification, as has been done here. A significant change
in the invasion pattern can only be observed once the compression
reaches 50%, as there is a significant decrease in the thickness and the
pores are filled in a directional manner. In the cases of 25% and 33%
compression, the invasion pattern shows a spreading of the liquid phase
beyond the mid-section of the porous media. This is probably due to
larger pores being connected which results in increased saturation in

that region. However, with increased compression (compression levels
50% and 67%), the larger pores collapse and therefore the pathway
becomes more uni-directional, with the pores filling from the inlet to
the breakthrough location, and results in reducing saturation with in-
creasing distance from the inlet.

The local saturation of the electrodes is quantified and presented in
Fig. 9. At each x-location (in the direction of electrolyte invasion) on
the patterns in Fig. 8, the saturation is averaged in the y- and z-axis
which is presented as the local saturation at that x-plane. At x==0,
which is the inlet location, the saturation is 1, as all the pores are sa-
turated. For each compression level, the maximum value of the
through-plane position is different as the felt became increasingly
compressed and therefore had reduced thicknesses in each progressive
case. The maximum thickness was in the case of 0% compression,
where the felt was 6mm thick, while the lowest thickness was in the
case of 67% compression, where the felt was reduced to a thickness of
2mm. The value of saturation at the maximum through-plane location
for each compression level decreased to very close to zero as this was
the plane of breakthrough. From the saturation profiles, it was observed
that at the highest compression level, the saturation decreases as the
fluid moves along the x-axis and there is little fluctuation in the value of
local saturation. However, in the case of the uncompressed sample, the
saturation decreases in the initial entrance section, and then increases
up to 40% saturation at several sections of the felt. As the felt is com-
pressed, the fluctuations become less pronounced and very little fluc-
tuations are observed at the compressions levels of 50%, and 67%. In
the case of the felt compressed to 25%, a larger saturation is observed at
the breakthrough point. This is explained by the volume of the pore that
is filled at the time of breakthrough. If it is a small pore that is being
invaded to reach the breakthrough point, the local saturation would
remain low, which is the case for the other saturations, while in the case
of 25% compression, a large pore may have been invaded, which results
in a higher local saturation at the location of breakthrough.

Fig. 10 illustrates the invasion pattern exhibited by the invasion of
water into the pore space of the compressed felt electrode at different
times. It allows us to compare the modeling results with some experi-
mental results obtained using water injection experiments [18] con-
ducted on the same materials at the same compression state, and im-
aged using synchrotron X-ray radiography and tomography, as has been
reported by Bevilacqua et al. [18]. This comparison focuses on the in-
vasion from the point the electrolyte enters the porous media to the
point of breakthrough. In Fig. 10(a), the results from the pore network
model implemented in this study is shown, and a comparison can be
drawn between the trends observed and the results shown by Bev-
ilacqua et al. [18] as shown in Fig. 10(b). As the network model does
not account for flow velocity, which the experimental observations
depend on, the breakthrough time is matched between the two studies
and the intermediate steps are calculated as fractions of the pores in-
vaded, normalized against the breakthrough time. From this figure, it
can be observed that the invasion patterns exhibit similar behavior and
invasion depth is very similar in both the experimental and numerical
scenarios. There are patterns of capillary fingering that can be observed
in both invasion sequences which show that the electrolyte is seeking
pathways ahead of the advancing liquid phase front.

Fig. 11 illustrates the comparison between the invasion patterns into
a hydrophobic felt and a hydrophilic felt, as observed experimentally
(using synchrotron X-ray radiography) and numerically (using
OpenPNM). In both cases, it was observed that a significantly higher
saturation of electrolyte was achieved with hydrophilic conditions in
the felt, compared to hydrophobic conditions. This is an expected re-
sult, but demonstrates the ability of the numerical tool to accurately
predict trends in electrolyte invasion in the porous electrode. The hy-
drophobic case in Fig. 11(b) shows low saturations, which is a function
of it being hydrophobic as well as the image thresholding, which has
been kept the same as the hydrophilic case, for consistency. The low
thresholding to avoid image saturation in the case of hydrophilic case

Fig. 6. Single phase transport parameters quantifying the changes in transport
resistance with increase in compression (a) permeability, (b) single phase ef-
fective diffusion coefficient of air, and (c) single phase effective diffusion
coefficient of water.
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means the hydrophobic case seems to be lower.
Each of these two techniques have their advantages. While it is

easier to invade the hydrophilic felt with the electrolyte and image it,
working with the hydrophobic conditions is impeded by the high
pressures involved and the tendencies for leakage pathways to open up.
Therefore, the modeling approach is more suitable for the hydrophobic
material and the trends in saturation and transport properties can be
captured with ease in this case. Additionally, the edge effects are an-
other instance that can be captured using the modeling effort while the
experimental approach results in the liquid transport being affected by
the walls.

5. Discussion

The results presented in this work should be used to understand the
impact of compression on the morphological and transport properties of

Fig. 7. (a) Imbibition curve for water invading the felt material under set levels of compression. The felt is modeled in its non-activated state where the material is
treated as hydrophobic (CA=140°). (b) Breakthrough saturation and breakthrough pressure for the felt material at each of the compression levels.

Table 2
Saturation of the compressed felt electrodes at different operating pressures.

Compression (%) Saturation

At 5 kPa At 7 kPa At 10 kPa

0 0.42 0.82 0.97
8 0.48 0.85 0.98
17 0.38 0.83 0.98
25 0.22 0.79 0.98
33 0.00 0.74 0.98
50 0.00 0.60 0.97
67 0.00 0.33 0.97

Fig. 8. Invasion patterns for the electrolyte moving through the porous network of the electrode until it reaches breakthrough on the opposite face.

Fig. 9. Local saturation at each compression level, quantifying the saturation
visualized in Fig. 8.
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the carbon felt electrode being studied here. The data does match up
with the trends observed and reported earlier in literature. However,
the data should not be focused upon in isolation, as experimental
conditions such as uneven pressure distribution on felt electrodes, lo-
calized large pores, or preferential transport pathways among other

variabilities may cause the actual experimental result to differ from the
modeling domain and thus create results that are slightly different.

In this work, the pore size distribution result showed an unexpected
increase in the medium to large-sized pores in the case where the felt
electrode was compressed to 8% compression. The maximum pore sizes

Fig. 10. Electrolyte invasion process in a hydrophilic (activated) felt material at a compression rate of 25% (reduction in thickness) (a) as simulated in OpenPNM,
and (b) as imaged using synchrotron X-ray radiography and reported by Bevilacqua et al. [18].

Fig. 11. Comparison water invasion patterns of hydrophobic (Contact angle = =140°) and hydrophilic (Contact angle = =40°) felt materials as observed in (a)
OpenPNM, and (b) synchrotron X-ray radiography and reported by Bevilacqua et al. [18].
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increased by only 1.6%, while the mean pore size increased by 2.0%.
However, this change leads to an unexpected increase in the transport
properties that have been calculated throughout the work. The un-
expected result obtained for 8% compressed electrode should be treated
as an anomaly. The invasion patterns and the saturation were less in-
fluenced by the anomalous behavior at 8% compression, as the patterns
of increasing breakthrough pressure and decreasing overall saturation
were maintained at that level of compression.

Overall, it was observed that increasing compression resulted in
smaller pores, and therefore higher transport resistances for electrolyte
transport. Viscous transport through the electrode was reduced to a
larger degree, as the permeability decreased by about 59% as a result of
the 67% compression, whereas diffusive transport decreased by only
25% resulting from the same level of compression. Therefore, processes
which rely on diffusive transport are less likely to see an increase in
transport resistance, compared to processes which depend on viscous
transport.

Changes in transport properties have a strong impact on the elec-
trochemical processes of the VRFBs. Increased compression has shown
to decrease porosity and increase permeability. Increased permeability
results in a higher pressure drop when the VRFB is operated in flow-
through mode, which leads to higher pumping losses and thus lower
overall efficiencies. [47,48]. The effective diffusion coefficient provides
a measure of the diffusive transport resistance of the porous material.
The diffusive transport within the electrodes of the VRFB arises from
the transport of active ions (V2+, V3+, V4+, V5+) within the elec-
trolyte. As the reaction progresses, the continued redistribution of the
active ions minimizes the transport resistance and associated losses.
Diffusive transport affects the transport of the active ions from the bulk
of the electrolyte to the localized reaction sites.

The breakthrough pressure, presented as a metric in this work, al-
lows us to understand the ease with which the electrolyte would be able
to traverse through the electrode structure. The breakthrough pressure
combined with the imbibition curve, and the saturation information
provides us with a picture of how the electrolyte invades the pore space
of the electrode. In this case, it is observed that with increased com-
pression, the breakthrough pressure increased, which indicates that a
higher pressure is required to get the electrolyte from one face of the
electrode to the other. If the VRFB is operated in a flow-by mode this
would be the minimum pressure required to get the electrolyte to reach
the membrane, such that operation of the RFB could be started. In a
flow-through mode, the breakthrough pressure would be the minimum
pressure required to establish a continuous pathway of electrolyte
through the electrode, and sustain continuous operation. The imbibi-
tion curve shows the continuous relationship between the invasion
pressure and saturation. It is observed that the compressive pressure
defines the pressure at which the electrode can begin to be saturated.
However, the pressure at which the electrode becomes fully saturated,
is independent of the compressive pressure. This is because the full
saturation is dictated by the smallest pores in the electrode, which do
not change significantly with an increase in compression.

In summary, the goal of this work is to present an understanding of
the impact of compression on the pore space of carbon felt electrodes. A
general electrode, which is commonly studied is used to enhance the
impact of the study, as it can be coupled with other studies to gain
greater insight. Other investigations into a variety of felt electrode
materials have resulted in similar trend lines being drawn which il-
lustrate that the results are not standalone and can be extrapolated to
other materials. Although it is not the author's intent to suggest that all
designers need to conduct the same type of analysis on all their mate-
rials, however, the study does provide information on what the impact
of compression is on the pore space of felt electrodes. This can be used
to design materials which will perform better under higher compression
levels.

6. Conclusions

In this study, a commercially available carbon felt electrode de-
signed for use in redox flow batteries by SGL has been investigated for
the impact of compression on the electrical resistivity, and the single-
phase and multi-phase fluid flow. A GFA 6 carbon felt, with a nominal
thickness of 6mm, was compressed to set levels of up to 67% com-
pression (67% reduction in thickness). The electrical resistance was
observed to decrease linearly, while the electrical resistivity decreased
during the first 20% compression, thereafter reaching an asymptotic
value. The single-phase transport parameters were also calculated
through the porous network, and it was demonstrated that the com-
pression resulted in a 58% reduction in permeability, 25% reduction in
single-phase diffusion, and the accessible pore volume at a diameter of
150 µm decreased from 15% to 2% of the total porous volume.

Additionally, as part of this work, the electrolyte was simulated to
invade the electrolyte and the entrance capillary pressure to start the
saturation process increased from 4.5 kPa to over 6.5 kPa. The invasion
patterns and the local saturation were also presented, demonstrating
fewer fluctuations in the local saturation with an increase in compres-
sion. This was attributed to the reduction in pore sizes throughout the
sample. The breakthrough saturation decreased slightly, and the
breakthrough pressure increased by 48% as a result of the compression.

Through this work, it was demonstrated that the pressure required
for the flow to be maintained and the entrance pressures increase sig-
nificantly at higher levels of compression. However, the pressure re-
quired to fully saturate the sample does not increase. The permeability
decreases with increased compression, which results in higher pumping
power losses if operated in a flow-through configuration. These trans-
port parameters need to be calculated and compared for different levels
of compression during the optimization process to decide the com-
pression pressure at which the flow battery should be operated. In
addition, trends observed in this study were compared with experi-
mentally observed saturation and invasion pathways, as obtained using
synchrotron X-ray radiography to compare the experimental and nu-
merical observations. As the electrical resistance decreases linearly, and
the pumping pressure losses increase linearly with increasing com-
pression, an optimum point needs to be found where the benefits of
both can be leveraged. This would best be explored using in situ studies
at the different compression levels and through system modeling ap-
proaches which can account for the electrolyte flow as well as the
electrical resistance, and electrical heat generation in a system.
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Acid migration and loss at high current densities has previously been identified as an important degradation mecha-
nism for phosphoric acid in high temperature polymer electrolyte fuel cells. In this process, the structure of the
anode catalyst layer plays an important role for the acid migration mechanism. Therefore, the acid retaining capabil-
ities of two significantly different catalyst layer structures were investigated by means of operando X-ray tomographic
microscopy.
In a commercial catalyst layer, with cracks with a meanwidth of 39 μm, ideal crack connectivity and no bottlenecks in
the crack structure, phosphoric acid penetrates and traverses the catalyst layer and migrates to the GDL and gas chan-
nel. In contrast, an in-house catalyst layer retained phosphoric acid within itself. Although with lower mean crack size
of only 20 μm, the different crack connectivity and accessibility, as determined by crack width and simulated mercury
intrusion crack size analysis, were identified as main causes for better acid retaining capabilities. A fraction of over
95% of the crack-volume is protected by bottlenecks smaller than 20 μm. The present analysis is a guideline for engi-
neering acid retaining catalyst layers structures for high temperature polymer electrolyte fuel cells.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

High temperature polymer electrolyte fuel cells (HT-PEFCs) are based
on a polybenzimidazole membrane (PBI) with phosphoric acid (PA) as
the electrolyte. Phosphoric acid is an excellent proton conductor with pro-
ton conductivities up to 0.650 S cm−1 [1]. Furthermore, phosphoric acid
imbibed PBI membranes do not require the presence of high water vapor
pressures to ensure proton conductivity. The typical operation temperature
of HT-PEFCs is between 160 °C and 200 °C [2,3].

Unlike in perfluorosulfonic acid type membranes such as Nafion®,
phosphoric acid representing the protogenic group in HT-PEFCs mem-
branes, is not covalently bound to the polymer. Phosphoric acid is
interactingwith the nitrogen atoms of the imidazole group of the PBI viahy-
drogen bonds [4,5]. With two nitrogen atoms present in the imidazole, two
phosphoric acidmolecules can interact with each repeating unit of the poly-
mer. The number of phosphoric acid molecules per imidazole group is
called the doping level. Depending on the membrane production process,
doping levels of up to 70 can be achieved [6], therefore the majority of

phosphoric acid molecules in the membrane is not interacting with the
polymer and shows a high degree of mobility.

As phosphoric acid (H3PO4) is always in a chemical equilibriumwith its
deprotonated form (H2PO4

−), a competing charge transport mechanism to
the conduction of protons from anode to cathode exists: the migration of
H2PO4

− anions from cathode to the anode. In this way, phosphoric acid mi-
grates towards the anode, which leads to a pressure build-up. The extent of
this phenomenon depends on current density, as a certain percentage of the
ionic current is carried byH2PO4

−migration to the anode. At higher current
density, sufficient acid pressure in the membrane builds up and causes the
acid to invade the porous structures at the anode and can ultimately lead to
phosphoric acid losses. The loss of electrolyte is a severe limitation of the
lifetime of HT-PEFC, especially regarding the 2020 DOE target for the life-
time for combined heat and power applications of 60′000 h [7].

In recent years, different methods were developed to study and under-
stand the acid mobility and redistribution phenomena. Eberhardt et al.
showed with operando X-Ray tomographic microscopy (XTM) that phos-
phoric acid can migrate out of the membrane towards the anode, thereby
invading the anode gas diffusion layer and the channels of the anode flow
field, where phosphoric acid is lost [8,9].

Similar observations were reported by Becker et al. [10], who used plat-
inum micro electrodes to study acid redistribution towards the anode
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within the membrane in hydrogen pumping mode. Chevalier et al. [11]
used a combination of synchrotron based XTMwith pore networkmodeling
(PNM) to study this redistribution process, while Bevilacqua et al. [12]
combined phosphoric acid injection into gas diffusion electrodes with
PNM to study the impact of gas diffusion layer types on this redistribution
process. Also non-imaging basedmethods are applied, such as electrochem-
ical impedance spectroscopy [13–16].

It was shown that this redistribution is a function of current density.
This effect is not present at 0.2 A cm−2 but is observed at 0.8 A cm−2

[8,17]. A current density of 0.8 A cm−2 represents operating conditions
in the vicinity of the maximum power density for operation with reformate
gas at the anode and air at the cathode.

Halter et al. showed that the acid redistribution can also be observed in
the catalyst and microporous layers [17]. For many materials, catalyst and
microporous layer can contain cracks with widths up to 100 μm with the
cracks in the catalyst layer defining the path of phosphoric acid leading to
flooding of microporous and gas diffusion layer above flooded catalyst
layer cracks (CLC). In order to flood these cracks, a certain capillary pres-
sure has to be built up in the membrane.

The capillary pressure required for flooding a CL crack depends on the
crack width. These specific capillary pressures have been determined in
ex situ experiments by injecting phosphoric acid into cracked catalyst layers
and the respective capillary pressure-saturation relation for this flooding
was determined [18]. Smaller CL cracks require higher capillary pressures
to be flooded. The size of the cracks in the catalyst layer therefore plays a
crucial role in retaining phosphoric acid within the membrane, as the
crack size determines whether the catalyst layer acts as a barrier for the in-
vasion of the microporous layer (MPL) and the gas diffusion layer (GDL).

The goal of this work is to quantify the capillary pressure being built up
in operating HT-PEFCs for a current density of 0.8 A cm−2. To do so, the op-
eration induced changes in the saturation of the CLCwill be quantifiedwith
operando XTM, and compared to the saturations observed in the ex situ in-
jection experiments. The relation between current density and capillary
pressure can then be used as a guideline for designing acid retaining cata-
lyst layers.

The effect of CL crack width on its acid retaining capabilities is investi-
gated by testing two CL with significantly different crack width distribu-
tion. Acid losses are quantified through the acid content in cracks of the
different catalyst layers to identify catalyst layer structures that mitigate
phosphoric acid losses due to migration.

2. Experimental

2.1. General

Unless otherwise stated, materials from BASF (BASF SE, Ludwigshafen,
Germany) were used for the membrane electrode assembly (MEA). MEAs
were prepared with phosphoric acid doped membranes and two gas diffu-
sion electrodes (GDE). For the BASF materials, the catalyst layer consists
of Vulcan XC-72 supported platinum with a Pt loading of 1 mg cm−2 for
both the anode and the cathode, coated onto a gas diffusion layer including
a microporous layer (SGL 38 BC).

The in-house catalyst layer was prepared by depositing a prepared ink
layer by layer on a commercially available gas diffusion layer (H2315 C2,
Freudenberg SE, Weihnheim, Germany) using an airbrush system with an
expulsion pressure set to 1.5 bar. The ink contained a platinum catalyst sup-
ported on carbon powder (20 wt% Pt/C, Heraeus®, Hanau, Germany), a
PTFE dispersion (Dyneon™ 3 M™, 60%; Dyneon, Burgkirchen, Germany),
and was dispersed in a 1:1 mixture of Millipore®water and isopropyl alco-
hol. The resulting ink was stirred with a magnetic stirrer for 2 h. During
spray coating, the GDL was mounted on a heated plate at approximately
80 °C to encourage the evaporation of the solvent and the loading of the cat-
alyst layer was controlled by weighing the dry electrode until the desired
platinum loading of 1 mgPt cm−2 was achieved. The PTFE content of the
catalyst layer was 10 wt%.

MEAswere assembled and hot-pressed for 30 s at 140 °Cwith a constant
gap of 740 μm for the BASF MEA materials. A constant gap of 800 μm was
used for the MEA assembly with the in-house made GDEs, which were only
used as the anode GDE, while the materials from BASF were used for the
membrane and the cathode GDE for all experiments. The assembled
MEAs were mounted into a specially designed HT-PEFC cell for XTM imag-
ing with a diameter of 5 mm and round active area of 20 mm2 [19].

Fig. 1 shows the current vs time scheme applied in this work. In a first
step, a break-in procedure was carried out for 4 h at 160 °C at a current den-
sity of 0.2 A cm−2. Hydrogenwas usedwith a constant flowof 20mlmin−1

at the anode, which corresponds to a stoichiometry of 18 at a current den-
sity of 0.8 A cm−2. At the cathode, oxygen with a constant flow of
20 ml min−1 was used, corresponding to a stoichiometry of 36 at this cur-
rent density. Both gases were humidified at room temperature. After the
break-in, the current density was increased to 0.8 A cm−2 and kept for
4 h. XTM scans with a scan time of 1 h were performed in the last hour of
both the break-in (T1) and the current step (T2).

2.2. XTM acquisition

A nanotom m CT scanner (GE Sensing & Inspection, Wunstorf,
Germany) was used for XTM imaging. For all scans, an acceleration voltage
of 60 kV and a current of 200 μA was applied. 1800 projections of 500 ms
averaged 3 times were acquired for each scan, resulting in a total scan time
of 1 h. For the BASF cells a 45-fold magnification with a pixel size of 2.2 μm
was used. For the cells with an in-house prepared gas diffusion electrode, a
30-fold magnification was used resulting in a pixel size of 3.3 μm. Recon-
struction was based on a cone beam filtered back projection algorithm
using the Phoenix datos × 2.3.0 reconstruction software (GE Sensing& In-
spection, Wunstorf, Germany).

2.3. XTM image analysis

In order to quantify the PA content in the cracks of the catalyst layers,
the 3D images obtained from reconstruction were processed as follows:
for the images during break-in, a rectangular 2D region of interest in the
plane of the anode catalyst layer was selected for data evaluation with di-
mensions of 2.75 × 2.85 mm (1250 × 1298 pixels). The grey scale value
(GSV) image was filtered using a 3D median filter with radius 3 and an an-
isotropic diffusion filter [20]. After these filtering steps, using a simple,
manually determined threshold, the GSV image of the anode catalyst layer
was then segmented into the solid vs void phases (cracks). In the case of
acid being present in the catalyst layer cracks during break-in, an adapted

Fig. 1. Current vs. time scheme used for experiments with XTM scans indicated.
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segmentation workflow was used: after segmenting the crack structure, the
PA content of the flooded cracks was determined by using the dry crack
structure as a mask and the cracks were segmented into void and acid
phases. Segmentation post-processing involved a 3D clearing algorithm
(using Matlab®) to remove isolated acid pixels and a binary erosion step.

The images recorded at 0.8 A cm−2 were aligned to the corresponding
images from the break-in using the 3D-Slicer software (Freeware). A differ-
ential image was created by subtracting the corresponding images. These
differential images were then filtered using a median filter with radius 3
and an anisotropic diffusion filter [20]. After filtering, a threshold was ap-
plied to segment the differential image into acid and void phases. The seg-
mented differential images were merged with the segmented phosphoric
acid phase at T1 and a binary hole-filling algorithm was applied to remove
isolated void pixels. This resulted in a segmented 2D slice of the catalyst
layers with the phosphoric acid content in the catalyst layer cracks at T2.

For the analysis of the width distribution of dry and flooded catalyst
layer cracks, a continuous pore size distribution analysis [21] was per-
formed on a single 2D slice of the segmented images. For the analysis of
the phosphoric acid accessibility into the catalyst layer cracks, which was
carried out by simulated mercury intrusion porosimetry [21] and for the
connectivity analysis (using Matlab®) as described by Eller et al. [22], a
3D region of interest of 290 × 208 × 8 pixels was chosen for the BASF
GDE and of 950× 750× 35 pixels for the in-housematerial. Unless other-
wise stated, the image processing was done using Fiji (open source image
processing software).

To derive the pressure build-up within the membrane for the described
current jump, the saturations in the different crack sizes were determined
operando, and compared to the ex-situ saturations from Halter et al. [18]
at a given capillary pressure.

3. Results

In this section, the influence of the catalyst layer crack structure on
phosphoric acid invasion of the porous structures (MPL and GDL) at the
anode of the fuel cell is investigated. The crack structure of two different
catalyst layers is analyzed and compared and the effect of these structures
on phosphoric acid invasion is investigated by operando XTM experiments.
Furthermore, a relation of capillary pressure and current density is
established by analyzing the operando flooded catalyst layer cracks as a
function of their width. This is then compared to ex situ data from Halter
et al. [18], where phosphoric acid was injected into the same type of cata-
lyst layer at controlled capillary pressures.

3.1. Catalyst layer structures

In a first step, the catalyst layer structure of both catalyst layer types is
investigated. Fig. 2 shows both through plane and in plane XTM slices of
the two catalyst layer types investigated at time T1. To analyze the crack
structure, a continuous pore size distribution algorithm [21] was applied
on the segmented CL cracks. The commercial BASF catalyst layer (Fig. 2
left) exhibits cracks width up to 85 μm with a mean crack width around
40 μm. 15% of the crack area is observed in cracks smaller than 20 μm,
while 18% of the crack area is found in cracks larger than 60 μm.

The largest cracks in the in-house made catalyst layer (Fig. 2 right) are
around 55 μm and 70% of the overall crack area is found in cracks smaller
than 20 μm. In addition, the in-house made catalyst layer has a thickness of
around 185 μm and is therefore significantly thicker than the commercial
catalyst layer with a thickness of about 55 μm.

Furthermore, the connectivity of the crack structure was studied by
means of a cluster connectivity analysis [22]. This analysis was chosen, be-
cause phosphoric acid penetration of the catalyst layer does not only re-
quire sufficiently large cracks, but these cracks also need to penetrate the
entire catalyst layer in order to form a pathway for phosphoric acid. For
the BASFmaterial, this criterion is fulfilled, as>95% of the cracks fully pen-
etrate the catalyst layer. In the in-house made material however only 55%
of the cracks fully penetrate the layer. Therefore, about half of the cracks do
not go through the entire layer thereby not forming continuous pathways.
The accessibility of the crack structures was further analyzed by simulated
mercury intrusion porosimetry (MIP) determining pore size distribution
[21] for both catalyst layer types. Fig. 3 shows the MIP and the crack
width distribution (CWD), determined with a standard 3D pore size distri-
bution for both catalyst layers. The MIP pore size distribution simulates
mercury intrusion into the cracks from a defined intrusion area, which
was chosen to be at the membrane/catalyst layer interface. If a sphere
with a given radius can reach a certain crack volume from this intrusion
area without overlapping with any solid phase, this crack volume contrib-
utes to the MIP volume at this sphere radius. This is done for different
sphere radii and results in a MIP accessible crack volume as a function of
the sphere radius (Fig. 3).

For the BASF material, an almost perfect match of crack width distribu-
tion and simulated MIP is observed. The median width (d50 values) for
crack width and MIP pore size distribution are very close with values of
d50(CWD) = 33 μm and d50(MIP) = 31 μm. This on the one hand confirms
the high connectivity of the crack structure and on the other hand, illus-
trates that the widths of the cracks remains constant over the entire CL
thickness.

Fig. 2. In plane slice of the catalyst layer (top) and through plane slice for the entire GDE (bottom) for the commercial GDE (left) and the in-house made GDE (right). In dark
grey, the cracks in the catalyst layer are shown. Bright spots show platinum agglomerations.
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For the in-house material, a quite different behavior is observed. The
value of d50(CWD) = 16 μm confirms the significantly smaller crack size
for this material, but more importantly a significant difference between
d50(CWD) and d50(MIP) = 9 μm is seen. This indicates that unlike in the com-
mercial material the crack width has narrow throats over the catalyst layer
thickness forming bottlenecks. These bottlenecks are smaller than 20 μm
for over 96% of the overall crack volume. The structural values for both
CL structures are summarized in Table 1.

3.2. Operando acid migration analysis

In order to investigate the effect of this different crack structure on phos-
phoric acid migration, operando imaging was performed using the current
scheme shown in Fig. 1. A current density of 0.2 A cm−2 corresponds to
the current density during break-in while 0.8 A cm−2 is related to the oper-
ation near peak power when using reformate and air.

For the BASF catalyst layer, the current density increase to 0.8 A cm−2

triggered phosphoric acid invasion of all porous structures at the anode and
triggered therefore also an increasing phosphoric acid saturation in the
cracks of the catalyst and the microporous layer. Phosphoric acid even mi-
grated into the flow field channel. This behavior is well described in litera-
ture, first by Eberhardt et al. [8], then confirmed by Halter et al. [13,17]
and also by Becker et al. [10,23]. As shown by Halter et al., it is the cracks
in the catalyst layer that are defining the phosphoric acid pathway as acid
flooding in microporous and gas diffusion layers was only observed above
flooded catalyst layer cracks [17]. Therefore, the flooding mechanism of
the catalyst layer cracks was further examined. Fig. 4 shows a 2D slice of
the BASF catalyst layer at T1 (Fig. 4 left) and of the differential image be-
tween T2 and T1 (Fig. 4 right).

Already at 0.2 A cm−2 phosphoric acid is observed in some large cracks
in the catalyst layer, as indicated by the red arrow (Fig. 4 left). At
0.8 A cm−2, additional phosphoric acid invasion in the CL cracks is ob-
served and most cracks are filled. In order to analyze this flooding as a

function of catalyst layer crack width, the flooded CL cracks at T2, after
image segmentation, were analyzed for the continuous pore size distribu-
tion [21]. In Fig. 5 this width distribution of the flooded cracks is compared
to the width distribution of the entire crack population.

The cracks in the catalyst layer are divided into three categories: small
cracks for widths below 20 μm, middle for widths between 20 and 60 μm
and large for widths above 60 μm. Significant differences in the phosphoric
acid content at the two current densities were found in all categories. At 0.8
A cm−2, large andmiddle cracks show a saturation of 93% (large) and 88%
(middle), i.e. the cracks in both categories were almost fully flooded. Also
cracks of the small category show an increasing phosphoric acid content
and a saturation of 73%was observed at 0.8 A cm−2. In comparison to pre-
vious work, where phosphoric acid injection into the same type of catalyst
layer was analyzed as a function of capillary pressure and crack width [18],
the same categorization into “small”, “middle” and “large” cracks has been
made. By comparing the ex-situ and operando saturations the capillary pres-
sure induced in the membrane can be determined. For this quantification,
only the small cracks category is used, due to the fact, that both cracks of
the large and middle category show a saturation close to 100%, which in-
hibits an accurate evaluation of the capillary pressure. Fig. 6 was adapted
from Halter et al. [18] and shows the filling of the small catalyst layer
cracks as a function of capillary pressure to deduce the operandomembrane
acid pressure.

The data in ref. [18] shows the acid saturation in the catalyst layer
cracks as a function of capillary pressure for the different crack catego-
ries (small, middle, large). The data shown in this work determines the
acid saturation in the CL cracks after a change in current density. By
comparing these saturations, the capillary pressure induced by the cur-
rent jump can be derived, which is shown in Fig. 6. The saturation vs.
capillary pressure relation of the small crack category was extrapolated
to the operando value of 73%. The intercept is at a capillary pressure of
84 mbar, indicating that the operando acid pressure in the membrane at
0.8 A cm−2 is at this value. The same current vs. time scheme (shown in
Fig. 1) was also carried out with the in-house GDE at the anode. While
for the BASF material, additional flooding was observed in all anodic
structures, the in-house GDE showed a quite different behavior. Only a
minor increase of the PA content in the cracks close to the catalyst
layer/membrane interface was observed. Additional Phosphoric acid
was found neither at the catalyst layer/MPL interface nor in the pores
of the GDL or in the flow field channel. No changes in the acid content
of any cathodic compartment were observed for both types of MEA.
Fig. 7 shows 2D slices at different heights in the catalyst layer at time
T1 (left) and the corresponding differential images (right).

Therefore, the structure of the in-house catalyst layer mitigated the
phosphoric acid penetration and thus also inhibited the invasion of the mi-
croporous layer and GDL. This catalyst layer structure therefore completely
mitigates phosphoric acid losses due to phosphoric acid migration by
retaining phosphoric acid within the membrane.

However, this mitigation effect cannot solely be explained by the crack
width distribution, as the in-house GDE also exhibits cracks widths, in
which flooding was observed in the commercial BASF GDE. So principally
sufficient capillary pressure is built up to flood these smaller cracks.

However, the crack structure of the in-house material has significant
bottlenecks. Such a structure requires higher capillary pressure in order
to be penetrated, than deduced just from the average crack width. The mit-
igation of phosphoric invasion is therefore not just a consequence of the
crack width distribution in the catalyst layer but also of the connectivity
and accessibility of these cracks needs to be taken into account (see
Table 1).

Another parameter for the acid filling of the catalyst layer may be its
PTFE content, which may influence the breakthrough pressure. As shown
by Halter et al. [18], for penetrating the BASF type catalyst layer (with
non-disclosed PTFE content) with phosphoric acid, positive breakthrough
pressureswere required and thewetting behavior of its cracks can therefore
be described as “acidophobic”. The same is the case for the in-house pre-
pared electrode with a PTFE content of 10 wt%.

Fig. 3. Crack width distribution (CDW) based on standard 3D pore size distribution
and the simulated mercury intrusion porosimetry (MIP) pore size distribution for
both the BASF and the in-house catalyst layer structures.

Table 1
Comparison of the structural properties of both catalyst layer types.

BASF In-house

Thickness [μm] 57 ± 8 184 ± 19
Mean crack width (d50(CWD)) [μm] 33 16
Crack connectivity [%] >95 55
Crack volume accessibility at 20 μm [%] 80 4
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As both catalyst layer types are in the “acidophobic” regime, it is ex-
pected, that the possible difference in the PTFE content has only a minor ef-
fect on the breakthrough pressure. A similar observation was made by
Santamaria et al. [24], when studying the effect on the PTFE content on
the breakthrough pressure of gas diffusion layers. No significant increase
in breakthrough pressure was observed for Toray GDLs with PTFE contents
between 10 and 40 wt%. The different crack size geometries on the other
hand lead to a significant difference in breakthrough pressure from
15 mbar for the large crack regime to >68 mbar for the small regime.

The highly reduced accessibility of phosphoric acid in a catalyst layer
that is characterized by significant bottlenecks in its crack structure might
also be of concern regarding mass transport losses within the catalyst
layer. However, the transport of hydrogen, with its high diffusion coeffi-
cient is less penalized than this would be the case for oxygen at the cathode
[25]. Therefore, it can well be imagined that catalyst layers with tuned
crack structures are materials leading to superior HT-PEFC durability with-
out penalizing the performance.

4. Conclusion

Acid migration and loss at high current densities has previously been
identified as an important loss mechanism for phosphoric acid in HT-
PEFC. Therefore, the phosphoric acid retaining properties of two different

catalyst layer structures was investigated by operando X-ray tomographic
microscopy. The properties and structure of a commercial material from
BASF was compared to an in-house designed catalyst layer structure. The
commercialmaterial exhibits large cracks ofwidth up to 80 μm, penetrating
through the entire catalyst layer.

The in-house catalyst layer however, exhibits smaller cracks up to
55 μm and with 70% of the crack area being formed by cracks smaller
than 20 μm.

Furthermore, the crack connectivity as well as the accessibility for phos-
phoric acid through the in-house catalyst layer is highly reduced due to
strong bottleneck effect in the crack structure.

Comparison of the acid saturation in the catalyst layer cracks between
ex situ determination at known capillary pressure and operando characteri-
zation at given current density, allowed for the determination the acid pres-
sure in the membrane at 0.8 A cm−2 to be 84 mbar. This is a significant
pressure build-up, which is the driving force for acid loss at the anode.

In the commercial CL structure, a pathway for phosphoric acid across
the thickness of the CL is available and this then causes acid flooding of
the microporous and gas diffusion layers at high acid pressures at elevated
current densities.

For the in-house catalyst layer, with significant bottlenecks in the crack
structure, phosphoric acid, even at the high membrane acid pressures at
0.8 A cm−2 is unable to penetrate the entire layer and no phosphoric acid
is migrating into the microporous and gas diffusion layers. Therefore,

Fig. 4. 2D slices of the BASF commercial catalyst layer. Left: GSV image at T1, where dark grey represents the cracks in the CL. Right: Differential image of T2-T1, where the
changes in phosphoric acid content in the cracks of the catalyst layer are shown in bright grey. The red arrow shows an example of where phosphoric acid was already present
in the cracks at T1.

Fig. 5.Width distribution of the dry catalyst layer crack structure (black) and of the
flooded catalyst layer cracks at T2 (red); the crack area is normalized to the total dry
crack area; cracks are divided into three categories: small for cracks width<20 μm,
middle between 20 and 60 μm and large for widths above 60 μm. The lines are
shown as guide for the eye.

Fig. 6. Ex situ catalyst layer crack filling of “small” cracks as a function of capillary
pressure (blue points; from [18]) and extrapolation to operando saturation of 73%
(purple line) at T2; red circle giving the intercept of the ex situ and operando values.
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catalyst layer crack structures can be engineered that can retain the acid
under high current density conditions and avoid losses due to phosphoric
acid migration. In order to design a phosphoric acid retaining catalyst
layer, not just the crack size distribution is relevant, but also the connectiv-
ity and the accessibility of the crack network needs to be engineered
accordingly.
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a b s t r a c t

High temperature polymer electrolyte membrane fuel cells (HT-PEMFCs) utilize phosphoric acid imbibed
polybenzimide membranes, which allow for improved reaction kinetics due to the higher operating
temperatures, but suffer from the corrosive environment and the sluggish oxygen transport and asso-
ciated transport limitations. The latter issue is addressed in this work by the integration of the gas
diffusion layer (GDL) into the gas diffusion electrode (GDE) in an entirely electrospun concept. For this
purpose, coaxial electrospinning is applied by spinning two immiscible polymer solutions simulta-
neously to create a core-shell structure. Porous carbon felt structures are obtained due to phase sepa-
ration in the shell and a subsequent carbonization treatment (integrated GDE@GDL). Full cell tests (0.6
mgPt cm�2) demonstrate a 21% increase in the power density normalized to the platinum content
compared to the spray-coated reference (1 mgPt cm�2). Electrochemical impedance spectroscopy (EIS)
measurements coupled with the distribution of relaxation times (DRT) analysis show that the
morphology of the GDE@GDL favors oxygen transport inside the electrode. Mass transport limitations
were successfully remedied by our electrospun concept rendering an additional GDL sheet obsolete.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The steep increase in energy demand and our increasingly
scarce fossil fuel resources necessitate humanity to find sustainable
ways of energy generation. One way to break with this negative
trend would be to move to a hydrogen-based energy economy, in
which hydrogen is generated by renewable energy sources (solar,
wind, hydro) and used as emission-free fuel across all energy sec-
tors e.g. industry, heating, transport [1]. Since solar and wind en-
ergy are not available at all times, hydrogen could be produced by
water electrolysis during electricity excess times, stored, trans-
ported, and then converted into electricity on demand in a fuel cell.
Most well-known are polymer electrolyte fuel cells (PEMFC), which

are operated at comparatively low temperatures below 100 �C,
which necessitates complex water management [2e5]. Moreover,
fuel contaminants, such as carbon monoxide (CO), cannot be
tolerated even at low concentrations, as they lead to catalyst
poisoning and concomitant performance losses [6,7]. With the
development of stable polybenzimidazole (PBI) membranes
imbibed with proton-conducting phosphoric acid, fuel cell oper-
ating temperatures could be significantly increased in the so-called
high temperature polymer membrane fuel cells (HT-PEMFC)
[8e11]. Due to temperatures higher than 150 �C, these allow for the
use of hydrogen derived from the reforming of natural gas and may
help to kick-start new and cheaper technologies. The adsorption of
CO on Pt surfaces is a highly exothermic process, which means it is
strongly favored at lower temperatures, whereas the temperature
dependence of H2 adsorption on the catalyst surface is less signif-
icant [12]. Therefore, the CO coverage at elevated temperatures is
much lower than that at low temperatures [13]. Further advantages* Corresponding author.

E-mail address: oeznur.delikaya@fu-berlin.de (€O. Delikaya).

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsevier .com/locate/electacta

https://doi.org/10.1016/j.electacta.2020.136192
0013-4686/© 2020 Elsevier Ltd. All rights reserved.

Electrochimica Acta 345 (2020) 136192

Page 163



Cumulative Part

resulting from the increased operating temperature of the HT-PEM
technology include the possibility of using generated waste heat,
the more economical cooling of the fuel cell during operation due
to the greater temperature gradient to the environment, and no
need for fuel humidification [14,15]. Also the reaction kinetics, in
particular, the sluggish oxygen reduction reaction (ORR) at the
cathode side, should improve significantly, as the exchange current
density increases exponentially with temperature [14,16]. Despite
these advantages, also severe limitations of the HT-PEMFC tech-
nology have to be considered for their successful commercializa-
tion. One drawback is the specific adsorption of phosphoric acid to
the Pt nanoparticles, thus blocking the catalytically active sites for
the oxygen reduction reaction (ORR) at the cathode [17]. This
blocking effect has been followed by an in-operando approach by
Kaserer et al., who applied X-ray absorption spectroscopy (XAS)
and the delta m XANES approach to monitor the competition be-
tween OH and phosphoric acid species for free adsorption sites.
Another obstacle is the low solubility and diffusivity of oxygen in
concentrated phosphoric acid, which has been reported amongst
others by Gojkovi�c et al. [18] This drawback and the resulting mass
transport limitations could be tackled by advances to the system
design focussing on less thick components, i.e. GDL, GDE, with and
without microporous layer (MPL). Su et al. report a simple strategy
to improve the performance of HT-PEMFC by eliminating the MPL
from the GDE [19]. In contrast to LT-PEMFC the MPL in HT-PEMFC
plays only a minor role, since no liquid water exists which may
block the pores and significantly affect the cell performance due to
the resulting high mass transfer resistance. In Refs. [19] it was
found that already the 3D interlaced micropores/macropores
composite structure generated in the catalyst layer favors gas
transport and catalyst utilization leading to a significantly
improved single cell performance compared to a classic GDE. A high
content of polymerized PTFE furthermore effectively reduced the
problem of carbon/catalyst particle penetration. Stability tests
demonstrated that the MPL-free GDE maintains an excellent
durability of 1400 h in operation owing to its structural advantages.

Our electrospun GDE@GDL concept is inspired along the same
lines tackling the mass transport limitations due to the limited
oxygen solubility and diffusivity. In this proof-of-concept study, an
optimum balance between gas permeability, proton conductivity
and electron conductivity in the triple-phase boundary regions is
an important feature. We do not use GDL layers, which will
decrease gas transport to the catalyst even further due to their
thickness. In contrast, we propose to use an entirely electrospun
carbon felt composed of porous core-shell fibers decorated subse-
quently by Pt nanoparticles. Coaxial electrospinning is a common
method to create nanofibers with different structures, such as core-
shell, hollow and porous fibers [20,21]. It is a highly versatile
technique and an efficient approach to prepare nanofibers with a
high surface area on a large scale [22e24]. Porous fibers can be
obtained in various ways, for example, due to the incompatibility of
the two polymers, a mixed polymer solution used in the core is
separated into continuous surrounding and discontinuous droplet
phases [25,26]. Over the last two decades, several research groups
showed interest in the electrospinning technique, in which a broad
range of organic polymers can be used to fabricate thin fibers with
many advanced and innovative applications in mind [27]. The use
of electrospun materials in electrochemical energy technologies
has been pioneered by the groups of Deborah Jones [28] and Peter
Pintauro [29]. In a recent publication, Ponomarev et al. [30] report
an electrospun carbon nanofiber paper (CNFP) containing ZrOx and
Ni(0) nanoparticles, which was used as a gas-diffusion electrode for
HT-PEMFC and demonstrated a full cell performance comparable to
the commercial standard. For this remarkable result, poly-
acrylonitrile was electrospun on a flat surface providing polymer

nanofiber mats with defined cavities and pores that were formed
by loops of parallel graphene layers originating from the fiber
crystallization during the annealing process. For sufficient proton
conductivity, the phosphoric acid was distributed in the pores of
the CNF. In another publication by Ponomarev et al. they showed
for the first time the use of a pyrolyzed PIM-1 polymer with
intrinsic microporosity as a cathode electrocatalyst for HT-PEMFCs
[31]. They described three different approaches for the production
of the porous electrospun mats, the most promising being the
method, in which the electrospun material was immersed in a
nickel acetate solution and then stabilized and pyrolyzed. The po-
larization curves of the MEA prepared in this way showed a slightly
higher efficiency than the reference material. The main disadvan-
tage observed was the relatively rapid loss of phosphoric acid (or its
adsorption through intrinsic micropores), which significantly
shortened the lifetime of the MEA. A likewise sophisticated
approach by core-shell structure was reported by Lee et al. In their
approach, they used two polymer solutions consisting of poly-
methylmethacrylate (PMMA) and polyacrylonitrile (PAN) with
polyvinylpyrrolidone (PVP) were used and flowed through a coaxial
capillary (double jet) [32]. By a subsequent washing or calcination
process, porous structures were formed from the electrospun
nanofibers [33e35]. During this process, PVP decomposes and PAN
is transferred to graphitic carbon, whereas the PMMA in the core is
responsible for mechanical stability.

In this work, the successful preparation and testing of an
entirely integrated electrospun GDE@GDL concept without the
need for additional GDL sheets is demonstrated. Coaxial electro-
spinning of two phase-separated shell polymers and a core poly-
mer solution, similar to the approach by Lee et al. [32], has been
used to create carbon felts with porous fiber surfaces after a sub-
sequent carbonization step. The pores should accommodate the
phosphoric acid and distribute it more evenly, while the overall
thinner electrode should reduce oxygen transport limitations.
Comprehensive structural and electrochemical characterization of
the Pt nanoparticle-decorated carbon fibers and full membrane-
electrode assemblies was carried out to demonstrate the consid-
erable potential of our strategy.

2. Experimental section

2.1. Fabrication of CNF

Phase separated polymer solutions (consisting of PMMA, PAN
and PVP) were used to prepare porous CNF. Separate PAN (Mw
150 000, sigma-aldrich) and PVP (Mw 1 300 000, sigma-aldrich)
solutions were prepared by dissolving 1 g of each polymer in
10 ml of DMF (>99.5%, acros organics) at 80 �C for 1 h with vigorous
stirring. Subsequently, both solutions were combined and stirred
for further 3 h at 80 �C to prepare the outer part of the electro-
spinning polymer solution. The synthesis of the inner solution is
carried out by dissolving 0.7 g of PMMA (Mw 350 000, sigma-
aldrich) in 10 ml of DMF at 60 �C for 2 h.

Coaxial electrospinning was performed with an EC-DIG elec-
trospinning setup from IME Technologies to produce polymer-
based CNF at room temperature and a humidity <40%. A voltage
of 15 kV was applied between the double nozzle and the fiber
collector. The distance between the nozzle and collector was 15 cm
and the flow rate of both syringe pumps was maintained at 5 ml/
min. All electrospun nanofibers were stabilized for 1 h at 280 �C
under air atmosphere, followed by carbonization for 1 h at 1000 �C
under nitrogen atmosphere with a heating rate of 5 �C/min. This
temperature treatment serves to decompose PVP and forms the
pores in the fiber walls. PAN is transferred to graphitic carbon.
PMMA is responsible for the mechanical stability.
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Well-defined electrospun nanofibers are being generated as
long as a stable Taylor cone is formed. This occurs only when the
optimal combination of electrospinning conditions is given. Sub-
sequently, a jet is formed by applying a high voltage between the
outer part of the metallic double nozzle and the collector. The
evaporation of the solvent ensures that the very thin jet solidifies so
that the fibrous mats formed can be picked at the collector.

2.2. Deposition of Pt nanoparticles on CNFs

The GDE@GDLwas obtained using awet impregnation approach
to deposit Pt nanoparticles on CNF. For this propose, dihydrogen
hexachloroplatinate (IV) hexahydrate (H2PtCl6 $ 6H2O, 99.9%
metals basis, alfa aesar) was dissolved in water. It was used as the
platinum precursor which was sprayed onto the CNF. First, the CNF
sprayed with H2PtCl6 $ 6H2O solution was stored overnight in a
fume hood for evaporation and then dried in an oven at 110 �C to
remove any residual water. The reduction of the Pt precursor was
performed thermally in a fluidized bed reactor. For this, the furnace
was purged with argon and then changed to a gas mixture of H2/Ar
(4 NL/min) to reduce the Pt species. The temperature was raised to
250 �C, held for 2 h and afterward cooled to room temperature
under argon atmosphere.

2.3. Structural characterization of the GDE@GDL

The morphology of the fibrous mats was screened by scanning
electron microscopy (SEM) (HITACHI UHR FE-SEM SU8030) and
focussed ion beam scanning electron microscopy (FIB-SEM)
(SmartSEM Supra 55VP, Carl Zeiss SMT Ltd.). To understand the
structural changes, carbon nanofibers, thermally treated at tem-
peratures from 800 �C to 1400 �C, were investigated with Raman
spectroscopy (Evolution Horiba). X-ray diffraction (XRD) (STOE
STADI-P with Cu Ka1 radiation in transmission geometry) was
employed to analyze the crystalline Pt phase. The average particle
size was determined with the Fullprof software followed by a
Rietveld refinement evaluating the width of the reflections.
Transmission electron microscopy (TEM) (CM20 FEI) was used to
observe the dispersion and particle size of Pt nanoparticles. Pt
weight loading was analyzed by inductively coupled plasma optical
emission spectroscopy (ICP-OES) using a Varian 715-ES. Pt stan-
dards with concentrations of 1, 5, and 10mg/L and Pt emission lines
at 203.646, 204.939, 212.863, 214.424, 217.468, and 224.552 nm
were used.

2.4. Single cell tests and electrochemical impedance spectroscopy

The cell tests were performed in a single cell setup. For the
cathode, five of the obtained electrospun GDEs were layered on top
of each other to create an electrode with sufficient mechanical
stability, which contains 0.6 mgPt cm�2, as each electrode sheet
exhibited a Pt loading of approximately 0.12 mgPt cm�2. For the
cathode against which the electrospun catalyst layer was compared
and for both anodes, a catalyst ink was prepared using a commer-
cially available 20 wt% Pt/C catalyst (Heraeus®, Germany) and 7 wt
% of a 60 wt% PTFE (3 M™, Dyneon™, USA) dispersion in ultrapure
water and isopropyl alcohol. The anode ink was deposited onto a
commercially available gas diffusion layer (Freudenberg H2315eC2,
Freudenberg SE, Germany) using a pressured air spray coating
mechanism. The loading of the electrode was controlled by the
weight of the deposited material until the final loading of 1 mgPt
cm�1 was achieved. The PBI membrane (Dapozol® M40, Danish
Power Systems, Denmark) was doped in concentrated phosphoric
acid for two months at room temperature to ensure a high acid
content within the membrane. According to Giffin et al., the

expected mass increase of this type of membrane amounts to 400%,
which results in a total amount of 182 mg of phosphoric acid inside
the fuel cell. As themembrane is the only source of phosphoric acid,
the doping level is the only defining parameter regarding the acid
content inside the cell. However, the amount of acid released to the
electrodes is unknown [36]. In contrast to the conventional MEA
fabrication of a LT-PEMFC, no catalyst-coated membrane was used
in this work. The GDEs were stacked on a doped PBI membrane,
which contains the phosphoric acid. The dry anode and cathode
were placed on each side of the membrane, respectively and were
fitted in a frame of PTFE gaskets to control the level of compression.
The electrodes were compressed to be reduced by 25% of their
original thickness to ensure proper electrical conductivity with the
gold-coated stainless steel bipolar plates with serpentine flow
fields. The active area of the fuel cell amounts to 4 cm2. To sum-
marize, the fuel cell containing the electrospun catalyst layer on the
cathode side employed a spray-coated anode with a commercial
catalyst powder (1 mgPt cm�2). The reference fuel cell which the
electrospun cell was compared against was a symmetrical cell
fabricated from two spray-coated GDEs with a commercial catalyst
powder (1 mgPt cm�2).

The assembled fuel cell was connected to a test station and
flushed with nitrogen gas during heat-up until the desired tem-
perature of 160 �C was reached. At this point, the reactant gas flow
(H2 on the anode and air on the cathode) was started and a current
was drawn. Before continuing with electrochemical characteriza-
tion techniques, the cell was operated at a constant current at
200 mA cm�2 until it reached peak performance. During this so-
called activation phase, the liquid phosphoric acid of the mem-
brane permeates the GDEs. Impedance spectrawere recorded using
a Zahner work station (Zennium, Zahner Elektrik, Germany) at
200mA cm�2 at a rate of 10 points per decadewith 6 repetitions for
each point. To capture all expected processes inside the fuel cell, a
frequency range between 100 kHz and 100mHzwas chosen. Before
each measurement, the cell was given 30 min to reach an equilib-
rium state to make sure that the intrinsic response to the change of
operation parameters was accurately recorded.

The resulting impedance spectra were subsequently analyzed
and quantified using the distribution of relaxation times method
using the freeMATLAB-based tool kit (DRTtools) [37,38]. The proper
input parameters for this HT-PEMFC cell setup were previously
determined by Weiß et al. [39] A similar set of parameters was
employed in this work. The DRT allows the association of each
process inside the fuel cell with a peak in the spectrum, which can
be mathematically integrated to yield the impedance of a respec-
tive process. Further, it allows the allocation of a time-scale to each
process occurring inside the fuel cell.

3. Results and discussion

The concept of our integrated GDE@GDL is shown in Fig. 1. To
reduce the oxygen transport limitations in HT-PEMFC electrodes,
we bypass the typical full cell set-up comprising separate GDL and
electrode layers by producing an electrospun gas diffusion elec-
trode with integrated a gas diffusion layer. Due to their thin GDL-
like structure, these electrospun mats do not only enable
improved gas transport but also offer reduced cost and weight by
eliminating additional GDLs, which might be an interesting feature
for their future commercialization.

As illustrated in Fig. 2, the carbon nanofibers were fabricated via
coaxial electrospinning followed by stabilization and carbonization.
The mixed PAN/PVP solution was electrospun by the outer part of
the double nozzle, while the PMMA solution was electrospun
through the inner nozzle onto the collector under a continuous
high voltage. During the electrospinning process, the shell fluid
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(PVP and PANmixed solution) forms a sheath around the core fluid
(PMMA solution), which encompasses and stabilizes the core fluid
against break-up into droplets by the so-called Rayleigh instability.
The outer porous carbon shell formed due to phase separationwith
PAN as the carbon precursor and PVP as the sacrificial component
(resulting in the pores) when the electrospun nanofibers were
carbonized at temperatures above 1000 �C. In the respective liter-
ature, it is reported that 1000 �C is the optimum carbonization
temperature, since higher temperatures may result in the collapse
of the porous structure [40,41], while lower temperatures may not
benefit the degree of graphitization [42,43]. A detailed study of the
optimum carbonization temperature with respect to graphitic
content and electron conduction using Raman spectroscopy mea-
surements can be found in the supporting information (SI S1).

The morphology of the CNFs has been analyzed by scanning
electron microscopy (SEM). Fig. 3 shows the electrospun nanofiber
felts after carbonization at 1000 �C under N2 flow. During this
process, PVP is decomposed and PAN is transferred into graphitic
carbon, whereas PMMA forms a carbon core responsible for me-
chanical stability.

The porous carbon nanofibers produced this way exhibit di-
ameters of 150e200 nm with small pores within the carbon
structure. PVP is known to create small pores in the carbon struc-
ture and reduce the nanofiber diameter. Through the targeted use
of different polymers, it is therefore, possible to control the diam-
eter, porosity, and length of the CNF [44]. Fig. 3a also reveals that
the nanofibers are randomly woven without an obvious tendency
for agglomeration, forming a porous 3D architecture. From Fig. 3b
we can see the rough outer surface of the nanofibers caused by the
high amount of large pores in the fiber surface. Furthermore,
extended pore spaces exist between individual fibers in the fabric,
which may be beneficial for electrolyte invasion and homogeneous
distribution of the ion conductor throughout the electrode [45]. The
3D architecture of a small felt piece was elucidated by FIB-SEM. As
shown in Fig. 3c, the carbon felt consists of fiber crossings and fiber
interconnects yielding a mechanically stable structure. Its pores
and the rough surface may also be favorable to the Pt nanoparticles
deposition and distribution, as the rough surface offers a high
number of anchoring sites [46]. The overall structure of the CNF

with its loose network structure should enable a thin enough
structure beneficial for unhindered mass transport when assem-
bling the MEA [47].

In the next step, Pt was deposited on the carbon support.
Therefore, a wet impregnation approach was applied, resulting in a
Pt mass loading of around 4 wt%. The reduction of the Pt precursor
was performed thermally in a fluidized bed reactor at 250 �C
leading to crystalline particles. Transmission electron microscopy
(TEM) images of the carbon fibers after Pt decoration are shown in
Fig. 4. TEM was used to determine the Pt particle size and its dis-
tribution on the carbon support [48]. The TEM image in Fig. 4a
clearly shows that the particles are homogeneously dispersed on
the surface of CNF. No severe aggregation of Pt particles can be
observed.

As shown in Fig. 4b a narrowest Pt particle size distribution is
observed with Pt nanoparticles in the range from 1.0 to 5.0 nm.
From these particle size distributions the surface-averaged di-
ameters (dS) were determined and are reported in Table 1 [49]:

ds ¼
Pn

i¼1lid
3
iPn

i¼1lid
2
i

(1)

Here, Ntotal denotes the total number of counted particles, while
dS is the surface normalized diameter calculated by Equation (1),
where li represents the particle number and di its diameter. The
surface-averaged diameter can be converted in an electrochemi-
cally active surface area (ECSA) by assuming spherical particles and
using the density (r ¼ 21.45 g cm�3) of Pt [50]. The electrochemi-
cally active surface area by TEM was estimated counting �200 in-
dividual particles [51] using the following Equation (2) [52]:

ECSA¼ 6
21:45 g

cm3 , ds
(2)

For our GDE@GDL this results in an estimated ECSA of z77
m2g�1 compared to z 85 m2g�1 for the commercial 20 wt% Pt/C
catalyst [53]. Pt weight loading was analyzed by inductively
coupled plasma optical emission spectroscopy. To minimize po-
tential edge effects during Pt deposition, a center-piece and the
entire electrospun mat were examined separately, whereby the
average value was used for subsequent calculations for the cell
tests. The obtained Pt size range is in good agreement with the
values derived from X-ray diffraction (XRD) presented in Fig. 4c.
Moreover, the assignment of the major Pt diffraction peaks at
around 39.7� (111), 46.2� (200), 67.4� (220), 81.3� (311) and 86.3�

(222), reveals that Pt is crystallized in its characteristic face-
centered cubic (fcc) structure. Table 1 summarizes the most
important parameters.

Fig. 5 shows the results of the fuel cell tests. In Fig. 5a, the po-
larization curves are shown to compare the performance of the
electrospun GDE with a standard cell manufactured with a 1 mgPt
cm�2 electrode on the cathode. The performance of the cell with
the electrospun electrode is lower, as the platinum content
amounts to only 0.6 mg cm�2 when five electrospun sheets were
layered on top of each other in the assembly. At 200 mA cm�2, at
which the EIS measurements were taken, the power density of the
electrospun GDE and the spray-coated GDE amounts to
92.6 mW cm�2, and 127.4 mW cm�2, respectively. The power
density can be normalized to the platinum content. The power
density of each fuel cell was divided over the platinum content to
compare the obtained power per amount of platinum. In this
comparison, we obtain a 21% increase in power density for the cell
employing the electrospun GDE. Thus, we conclude that the plat-
inum catalyst is used more efficiently in the electrospun cell. The
explanation for this observation is given below in the discussion ofFig. 1. Schematic design of the integrated electrode@gas diffusion layer concept.
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the distribution of relaxation times analysis.
The higher efficiency of platinum can be explained by the cell

characteristics expressed by the DRT and the EIS measurements
shown in Fig. 5b and c. The distribution of relaxation times analysis
for HT-PEMFCs exhibits a typical fingerprint pattern, allowing it to
be separated into three regions on the frequency scale. According to
Weiß et al. [39], the first peak occurring at 1e10 Hz can be

attributed to the oxygen mass transport. The two following peaks
between 10 Hz and 1 kHz show the impedance caused by the ox-
ygen reduction reaction and the following peaks describe fast
processes inside the cell, proton transport in the cathode catalyst
layer and the hydrogen oxidation reaction on the anode side
[39,54]. The high-frequency onset of the EIS is a good indication of
the sum of all ohmic losses of the test setup, which includes the

Fig. 2. Fabrication process of porous carbon nanofibers based on phase-separating shell mixture and mechanically stable core.

Fig. 3. (a) SEM images of the electrospun nanofiber composed of PMMA, PAN, and PVP layers, (b) SEM image of highly porous nanofiber after heat treatment and (c) FIB-SEM image
of nanofiber cross-section.

Fig. 4. (a) TEM images of CNF after Pt deposition, (b) Pt particle size distribution and (c) X-ray diffraction pattern of the GDE@GDL.
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membrane resistance as well as the electrical contact resistance
between the bipolar plates and the GDEs. As the onset of the EIS is
similar for both cells, we do not expect any contact issues between
the electrospun GDE and the bipolar plate. The contribution of the
anode to the total cell resistance is small compared to the contri-
bution of the cathode, thus, it is omitted in the following discussion
of the causes of the observed overpotential.

The DRT spectrum shows that the aim of the integrated
GDE@GDL, the reduction of mass transport by eliminating the GDL,
has been successfully achieved. The analysis of the fuel cell at
200 mA cm�2 yields sufficient insight into the mass transport
properties of the HT-PEMFC, as only diffusion processes are inves-
tigated. The mass transport limitation, as known in LT-PEMFCs
which occurs due to liquid water flooding the CL and blocking
the oxygen diffusion pathways, is absent in a HT-PEMFC. The mass
transport impedance amounts to 47 mU, compared to a massive
88 mU in the case of the spray-coated electrode. This is further
visible from the electrochemical impedance spectrum of the elec-
trospun GDE, as it exhibits a smaller low-frequency arc than the
reference cell. Herein, the tailored thin morphology of the GDE is of
importance. The larger pores of the carbon fibers offer better
diffusion paths for oxygen through the electrode. We hypothesize
that the diffusion is further facilitated by more beneficial gas
transport paths, allowing the oxygen to diffuse quickly to the re-
action sites without traveling through a thick gas diffusion layer in

an MPL-coated traditional MEA.
The impedance in the frequency regions attributed to the ORR,

however, is large compared to the reference cell. A 565% increase is
visible when comparing the two ORR peaks of both systems. We
assume that this is caused by the low platinum loading of the felts
and the potentially low electrical conductivity of the layered felts
(as they were only heat-treated at 1000 �C). On the positive side,
the ORR peaks are shifted toward higher frequencies, indicating a
faster nature of the reaction. The enhanced mass transport might
exert a beneficial influence on the ORR and increase the rate of
reactant adsorption and product desorption. The diffusion limita-
tion is not as strong as in the conventional system. This proof is
critical to the potential reduction of the platinum loading in future
electrodes of this type.

An increased high-frequency regime is observed at frequencies
higher than 100 Hz for the electrospun electrode. The nature of
each of the high-frequency peaks of the DRT spectrum is mainly
linked to the proton transport in the cathode catalyst layer and
therefore associatedwith the acid distributionwithin the layer. This
indicates that the thin catalyst layer might be partially flooded and
the acid distribution needs still to be optimized for the electrospun
electrode. This is not surprising, as the GDE@GDL approach so far
does not make use of a hydrophobic PTFE coating, which is an
important task for future optimization.

4. Conclusion

Our novel GDE@GDL concept demonstrated that thin porous
mats can be effectively used without the GDL and yield promising
performances with significantly reduced mass transport limita-
tions. Porous carbon nanofiber mats were successfully fabricated
via coaxial electrospinning of PAN/PVP as the shell and PMMA as
the core, followed by phase separation and carbonization at
1000 �C to obtain tailored porous fiber surfaces. The small pores in
the carbon structure are critical in improving the electro-catalytic

Table 1
Overview of the results obtained by TEM, XRD and particle size characterization
(Fig. 4).

Nanofiber diameter 150e200 nm
Pt-nanoparticle diameter TEM 2.2 nm ± 1.4 nm
Pt-nanoparticle diameter XRD 2.5 nm
ECSA 77e127 m2g-1

ICP-OES center piece 2.1 wt% ± SD 0.6 wt%
ICP-OES bulk sheet 5.9 wt% ± SD 0.8 wt%

Fig. 5. (a) Polarization curves of single cells employing a standard spray-coated GDE (black) and the electrospun concept (blue). Operated with H2/Air (l ¼ 1.8/2.0), (b) The DRT
spectrum of the fuel cells operated at 200 mA cm�2. The regions of Mass Transport (MT), Oxygen Reduction Reaction (ORR), and Higher Frequency (HF) are indicated. (c) Elec-
trochemical impedance spectrum of the single cells, taken at 200 mA cm�2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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properties of CNFs. They may facilitate the deposition and distri-
bution of Pt nanoparticles and even speed up the ORR. Electro-
chemical impedance spectroscopy measurements in conjunction
with a DRT analysis showed that the morphology of the GDE@GDL
promotes oxygen transport within the electrode. The larger pores
of the carbon fibers ensure an improved diffusion which is further
facilitated by better gas transport routes. Fuel cell tests with the
power density normalized to the platinum content demonstrated
that it exceeds the performance of a standard electrode design
obtained by spray coating. Based on these results, we believe that
our GDL elimination strategy is a promising and cost-effective
concept for future electrodes with reduced Pt amount in HT-
PEMFCs.
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Eifert L., Bevilacqua N., Köble K., Fahy K., Xiao L., Li M., Duan
K., Bazylak A., Sui P.-C., Zeis R.

Journal: ChemSusChem

Year: 2020

doi: 10.1002/cssc.202000541

Copyright:
Attribution 4.0 International (CC BY 4.0),
https://creativecommons.org/licenses/by/4.0/

Individual Contributions

Eifert L.
Design & ocnduct of experiments, data processing & analysis, writing
main parts of manuscript

Bevilacqua N.

Design & conduct of experiments, data processing & analysis, scientific
discussion, writing parts of manuscript (“Cell setup”, “Injection exper-
iment”, “Determination of the attenuation coefficient”, “Experimental
procedures and data processing”)
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Synchrotron X-ray Radiography and Tomography of
Vanadium Redox Flow Batteries—Cell Design, Electrolyte
Flow Geometry, and Gas Bubble Formation
L#szlj Eifert,[a] Nico Bevilacqua,[a] Kerstin Kçble,[a] Kieran Fahy,[b] Liusheng Xiao,[c] Min Li,[c]

Kangjun Duan,[c] Aimy Bazylak,[b] Pang-Chieh Sui,[c] and Roswitha Zeis*[a, d]

Introduction

Solar, wind, and hydropower plants as so-called green energy
sources are naturally subject to fluctuating power output, re-

sulting in the demand for energy conversion and storage sys-
tems. Redox flow batteries (RFBs) are capable of meeting these

demands owing to the uncoupling of power and energy ca-

pacities, potentially low costs, fast response times, and a tun-
able design.[1–5] The first vanadium redox flow battery (VRFB)

was developed in the late 1980s and represents one of the
most-studied types of redox flow batteries owing to the low

environmental impact of their materials, long cycle stabilities,
and mostly harmless electrolyte cross-contamination.[6] The

setup of a VRFB exhibits similarities to a polymer electrolyte

membrane fuel cell, such as the ion-exchange membrane,
porous carbon electrodes, and flow field plates. However, the

VRFB utilizes vanadium-based electrolytes instead of reactant
gases. When the battery is fully charged, the oxidation states

of the vanadium ions are (II) and (V) in the anolyte and catho-
lyte, respectively. Consequently, in the state of complete dis-

charge the oxidation states are (III) and (IV). The corresponding

redox reactions of the two half-cells are shown in Equations (1)
and (2), together with the full-cell in Equation (3), as well as

the respective redox potentials.[1, 7]

Anodic half-cell : V3þ þ e@ Ð V2þ

E0 ¼ @0:255 V vs: standard hydrogen electrode ðSHEÞ
ð1Þ

Cathodic half-cell : VO2þ þ H2OÐ VO2
þ þ 2 Hþ þ e@

E0 ¼ þ1:004 V vs: SHE
ð2Þ

Full-cell : VO2þ þ V3þ þ H2OÐ VO2
þ þ V2þ þ 2 Hþ

E0 ¼ þ1:259 V vs: SHE
ð3Þ

The overall performance of the battery depends on several

factors, such as the choice of the membrane,[8–11] the electrode
material and pretreatment methods,[12–15] the electrolyte com-

position,[16, 17] and the cell design, which includes the flow
fields, the electrode structure,[18, 19] and the degree of electrode

compression.[20–23] Darling and Perry compared different flow
field designs and discovered superior performance with inter-

The wetting behavior and affinity to side reactions of carbon-
based electrodes in vanadium redox flow batteries (VRFBs) are
highly dependent on the physical and chemical surface struc-

tures of the material, as well as on the cell design itself. To in-
vestigate these properties, a new cell design was proposed to
facilitate synchrotron X-ray imaging. Three different flow geo-
metries were studied to understand the impact on the flow dy-
namics, and the formation of hydrogen bubbles. By electrolyte
injection experiments, it was shown that the maximum satura-

tion of carbon felt was achieved by a flat flow field after the
first injection and by a serpentine flow field after continuous

flow. Furthermore, the average saturation of the carbon felt

was correlated to the cyclic voltammetry current response, and
the hydrogen gas evolution was visualized in 3D by X-ray to-

mography. The capabilities of this cell design and experiments
were outlined, which are essential for the evaluation and opti-

mization of cell components of VRFBs.
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digitated flow channels compared with a flow-through config-
uration.[24] Other sophisticated flow field designs have been

presented in the literature to improve the overall system effi-
ciency by reducing the pressure drop for a given electrode

thickness. However, these designs would come at the expense
of increased manufacturing complexity and system cost.[25–27]

Because the above-mentioned redox reactions take place on
the surface of the carbon felt electrodes, high wettability in-
creases the accessible surface area and therefore facilitates the

enhanced utilization of the electrode.[12, 28, 29] Greco et al. exam-
ined the use of heat treatments to activate carbon paper elec-
trodes and studied the resulting changes in properties.[29] They
report that although some properties, such as oxygen content

and wettability, increase with increasing temperatures, the
electrochemical activity decreases with heat treatment. As a

result of this tradeoff, the peak overall cell performance was

obtained with carbon felts treated at 475 8C.
Additionally, the hydrogen evolution at the anode as well as

the carbon corrosion at the cathode are unwanted side reac-
tions, which lead to performance losses because the evolved

gases do not participate in further electrochemical reac-
tions.[12, 30, 31] Both reactions are shown in Equations (4) and (5):

Hydrogen evolution : 2 Hþ þ 2 e@ ! H2 "
E0 , 0:000 V vs: SHE

ð4Þ

Carbon corrosion : Cþ 2 H2O! CO2 " þ4 Hþ þ 4 e@

E0 + 0:207 V vs: SHE
ð5Þ

The visualization of both the wetting behavior and the hy-

drogen gas evolution can lead to an improved understanding
of the transport phenomena and thus provide important in-

sights to further improve the VRFB cell design. Particularly suit-
able techniques for visualization include X-ray or neutron radi-

ography and tomography owing to the penetrating capabili-
ties of the respective beams, which elucidate most of the

common redox flow cell materials and designs. In earlier stud-

ies, Jervis et al. introduced a cell design to study the influence
of compression on carbon felt materials by the means of an

adjustable piston.[32] This enabled the visualization of the
carbon fibers, the vanadium electrolyte, as well as remaining

air in three dimensions. In a follow-up study with the same
setup, they reported a non-linear compression effect, in which

the carbon felt material shows a higher porosity adjacent to
the compressing piston in the center of the felt and a lower
porosity towards the perimeter.[33] Tariq et al. addressed the in-

filtration of vanadium solutions of several concentrations in
previously dry carbon paper electrodes by utilizing time-re-

solved 3D X-ray tomography.[34] They observed a non-uniform
infiltration of the electrolyte front owing to a strong anisotropy

of the carbon fibers, and they reported the fastest infiltration

was achieved with a VOSO4 electrolyte concentration of 0.5 m.
Apart from X-ray based techniques, Clement studied the local

visualization of gas evolution and mass transport limitations of
several carbon materials in VRFBs by employing neutron radi-

ography.[35] Our preceding study discussed the wetting behav-
ior of the four vanadium species, as well as different compres-

sion ratios, and we showed the highest saturation values for
VIII electrolytes and a decreasing trend in saturation for com-

pressions above 50 %.[22]

We herein present a novel vanadium redox flow cell design

and the experimental procedures to further investigate the
impact of carbon felt wetting behavior and flow field design

on the performance and hydrogen evolution behavior of the
VRFB under potential control. This cell was specifically devel-

oped to utilize the visualization techniques at X-ray synchro-

tron facilities, such as radiography and tomography. Compared
with previous approaches,[14, 32] this setup offers great flexibility
in designing experiments for RFBs because it allows testing
various types of electrode materials with different compression

ratios and flow geometries (exchangeable flow fields) under
potential control (in half-cell and full-cell configuration). Fur-

thermore, the field of view is large enough to obtain technical

relevant values and small enough to capture specific details
such as gas bubbles growth.

Results and Discussion

Cell setup

We performed X-ray radiography and tomography experiments
based on a novel beamline half-cell measurement setup, spe-

cifically designed for visualizing the electrolyte flow in VRFB
electrodes. The design was adopted from a cell previously

used to image fuel cells.[36–38] To fit our needs, we implemented

several modifications to enable the mounting of thicker elec-
trodes, such as carbon felts with a thickness of up to 6 mm,

modified the gasket design, and chose adequate materials for
the flow frames, endplates, and tube connectors to ensure the

tightness and stability towards the acidic electrolyte and avoid
radiation damage of the materials to be examined. Figure 1 (a)

shows an exploded view of the synchrotron cell with all com-

ponents. Because all components are exchangeable, different
types of flow fields can be used, that is, serpentine and interdi-

gitated flow fields as flow-by configurations, as well as a flat
flow field as flow-through configuration. Flow-by configuration

means that the electrolyte can flow by the electrode and
through channels in the serpentine and interdigitated flow

field structure, whereas the flow-through configuration forces
the electrolyte to travel through the porous electrode because

there are no channels in the flat flow field. The channels of the

serpentine and interdigitated flow fields are 0.8 mm wide and
0.8 mm deep and have a spacing of 0.8 mm. A representation

of the different types of flow fields is shown in Figure 1 (d). The
serpentine flow fields have an uninterrupted connection of the

inlet and the outlet through the flow channels, which follow a
zigzag path through the whole cell. In contrast, the flow chan-
nels of interdigitated flow fields do not directly connect the

electrolyte inlet and outlet and thus force the electrolyte out
of the channels and through the carbon felt. In the flow-

through configuration, no flow channels are available, and the
electrolyte is forced to permeate the carbon felt electrode to
reach the outlet. All flow fields are produced from graphite to
ensure electrical conductivity and (electro-)chemical stability.
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Furthermore, exchangeable flow frames with different thick-

nesses define the compression ratio of the carbon felt and can
be adjusted as needed. The flow frames accommodate carbon
felt electrodes with dimensions of up to 80 mm in height and
8 mm in depth, which are defined throughout this study as

the z-direction and y-direction, respectively. The latter consti-
tutes the thickness of the electrode in the traveling direction

of the X-ray beam. The x-direction is defined by the width of
the field of view, which is 15.8 mm wide and captures the
whole cell including the flow fields, even when housing an

electrode with the maximum thickness of 6 mm on each side.
The height of the electrode (80 mm) is significantly larger than

the height of the field of view (8.5 mm). This was chosen delib-
erately to exclude edge effects and to capture solely the distri-

bution and flow behavior in the bulk electrode. Hence, we

obtain a region of interest of our electrode with the dimen-
sions (8.5 V 8 V d) mm3, in which d is the thickness of the elec-

trode. This covers the representative elementary volume, as
was shown before by Fishman et al.[39] and George et al.[40] Be-

cause edge effects also occur along the membrane and the
flow field, 0.75 mm of the electrode was omitted from the cal-

culation of the bulk saturation values. In this study, the satura-

tion is defined as the volume fraction of the region of interest
(VROI), which is flooded by the electrolyte (Velectrolyte), as shown

in Equation (6):

Saturation ¼ Velectrolyte

VROI
ln

I0

I

. -
ð6Þ

To control the applied potential and current at one of the
carbon felt electrodes, we utilize a half-cell setup: herein, the

electrolyte is injected through one electrode of the cell from
the bottom to the top by using a syringe pump (working elec-

trode), followed by tubing from the outlet of the first electrode
to a reference electrode (Ag/AgCl reference electrode), and

then directly connected to the top of the other electrode

(counter electrode), as indicated by the arrows in the cell
setup shown in Figure 1 (c). This setup is similar to the double

half-cell (DHC), which was previously reported in the litera-
ture.[24, 41, 42] Additionally, Figure 1 (b, c) includes a coordinate

system colored in green, which marks specific directions inside
the working electrode and the cell. The origin of the coordi-

Figure 1. (a) Exploded view of the synchrotron cell. (1) Tube connectors, (2) endplate, (3) O-ring gasket, (4) flow field, (5) stainless-steel current collector,
(6) carbon felt electrode, (7, 8) gaskets, (9) flow frame, (10) membrane, (11) endplate, (12) M4 screws. (b) 3D rendering of the assembled cell. (c) Photograph of
the assembled and connected cell on the sample holder at the Canadian Light Source. (b, c) Including a coordinate system. (d) Representation of the top of
the different flow field types.
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nate system is positioned inside the cell at the membrane at
the bottom of the field of view. From there, the x-axis points

towards the flow field of the working electrode through the
compressed carbon felt, whereas the y-axis represents the

depth of the carbon felt, which is penetrated by the X-ray
beam. The z-axis indicates the height of the cell along the

membrane and is limited by the field of view (8.5 mm). Thus,
we obtain images with x,z coordinates in radiography experi-

ments, whereas the tomograms are depicted in the x,y and y,z

directions.

Injection experiment

To investigate the influence of our flow field configurations on

electrolyte saturation, vanadium(IV) electrolyte was injected
into dry carbon felt electrodes with a steady flow rate of

500 mL min@1 for 300 s (injection). After a subsequent 300 s re-
laxation period, a tomogram was recorded. This was followed
by an additional electrolyte injection into the sample at a
higher flow rate of 30 mL min@1 for 60 s (flow) to simulate the

operation of a full-cell. This step ensures that the cell is in a

state resembling the steady-state operation of an operating
redox flow system. The sequences during injection and flow

were recorded by radiography at 25 frames per second (fps).
The investigated flow fields include a serpentine, an interdigi-

tated, and a flat flow field.
Figure 2 displays the remaining air in the carbon felts for

each flow field configuration visualized by the means of tomo-
grams recorded after the injection at 500 mL min@1 for 300 s.
The images show the 3D space of the porous electrode from

the membrane (left, green) to the flow field (right, purple)
throughout the whole field of view. The trapped air inside the
electrode is colored in orange, and the shades of orange signi-
fy the y-position of the air bubble, in which the darker shades
correspond to higher z-coordinates. The accumulation of gas
bubbles along the flow field is visible for each flow field, even

though the effect is reduced in the case of the flat flow field.
By using flat flow fields, the electrolyte is forced through the
porous electrode and cannot flow through the flow field chan-

nels, as is the case with interdigitated or serpentine flow fields,
for which, in the latter configuration, the inlet and outlet of

the cell are even connected directly by the flow field channel

Figure 2. Visualization of the remaining air in the carbon felts by the means of X-ray tomography after the injection of the vanadium electrolyte through
(a) serpentine and (b) interdigitated flow fields, as well as (c) a flow-through configuration. The membrane is depicted on the left (green), the flow field on
the right (purple), and the remaining air pockets in between are displayed in orange. The origin of the coordinate is at the same position in the top and
bottom row.
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[see Figure 1 (d)] . This increases the saturation of the electrode
not only in the vicinity of the flow field but also in the elec-

trode itself.
The radiograms in Figure 3 show the difference between the

image at a given time of the injection and the image of the
dry cell and display changes in the electrolyte distribution for

the different flow fields during the injection. The first image
(left) of each flow field shows the radiograms at the point

shortly after the electrolyte enters the field of view and the

electrolyte front reaches one third along the z-direction of the
field of view. The second radiogram shows the injection 10 s

after the first radiogram, followed by three radiograms at 150,
200, and 300 s after the start of the injection. The local bright-

ness (highest grayscale value) of the image corresponds to the
electrolyte thickness at this point. The brighter the image, the
more electrolyte was traversed by the X-ray beam. Dark round

spots signify the presence of trapped air bubbles inside the
porous electrodes.

Hereby, we can observe the difference of the electrolyte in-
vasion speed: the electrolyte front is already visible after 60 s

with the flow-through configuration (a), followed by interdigi-
tated (b) and serpentine (c) flow fields (90 and 110 s). 10 s

later, the electrolyte front has already reached the top of the
field of view in (c), whereas, in (a) and (b), it has only reached

approximately 60 % of the height in the field of view. Interest-

ingly, the electrolyte invasion mainly proceeds in the center of
the felt or even closer to the membrane on the left side of

each radiogram. This may be a result of the structure of the
specific carbon felt used in our experiments (GFA6EA), which

shows a pronounced seam or edge in the center of the felt re-
sulting from the manufacturing. This is even clearer in the

second radiograms, especially in (b) and (c), in which a region

Figure 3. Visualization of the vanadium electrolyte at specific times during its injection by the means of X-ray radiography through (a) serpentine and (b) in-
terdigitated flow fields, as well as (c) a flow-through configuration. The brighter the image is, the higher the electrolyte thickness at this point. Darker spots
signify the presence of trapped air bubbles inside the porous electrodes; two examples are marked with a green circle in (b). The red box in each last image
shows the region of interest, which was selected to calculate the average saturation.
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in the center of the felt is not invaded by the electro-
lyte. After 150 and 200 s, the felt is already saturated

to a large extent, although (a) still shows a large un-
saturated area in the top right corner of the field of

view. In each configuration, after 300 s, the whole
carbon felt is visibly saturated.

To quantify the average saturation, a region of in-
terest in the bulk of the electrode was selected (red

rectangle in the right images of Figure 3) and pro-

cessed as described in the Experimental Section. We
observed the highest saturation for flat flow fields

(96.56 % after 500 mL min@1, 99.42 % after
30 mL min@1), which is also visible in the tomograms

in Figure 2 because the number of trapped air bub-
bles in the center of the electrode is smaller than the

other flow field configurations. The cells with serpen-

tine and interdigitated flow fields showed a similar
saturation after the initial injection at 500 mL min@1

(90.29 and 90.99 %). However, after the increased flow with
30 mL min@1, the saturation of the serpentine flow field in-

creased more strongly than in the case of the interdigitated
flow field (99.27 vs. 92.96 %). The saturation values after injec-

tion and flow are summarized in Table 1.

Cyclic voltammetry

The visualization of the electrolyte-filled carbon felt electrode

during a potential sweep induced redox reaction can provide
novel insights into optimization approaches. To provide an ex-

ample of this experimental procedure, this chapter only focus-
es on the cyclic voltammograms of the flow-through setup
(flat flow field).

In Figure 4, we show the cyclic voltammograms of (a) the
VO2 +/VO2

+ and (b) the V2+/V3 + redox couple and include ref-
erence lines at the initial cycling potential (Ei) and the reverse
potential (Er). For (a), pronounced oxidation and reduction

peaks appear immediately in the first cycle and show a similar
magnitude of peak currents (0.740 A for the oxidation peak,

0.662 A for the reduction peak), which points towards good re-
versibility of the redox reaction. After two cycles, we set the

potentiostat to the open-circuit voltage (OCV) while acquiring

the tomogram. This procedure was repeated three times. Al-
though the cyclic voltammetry measurement was interrupted

twice during this experiment, a stable redox peak was ob-
tained because the electrolyte flow was stopped, and no leak-

age of the cell was observed. This is even more clear in the
V2 +/V3+ redox measurement in Figure 4 (b), because the vana-

dium(IV) electrolyte was reduced to vanadium(II) during the
cathodic scan of the first cycle, and therefore two electrons

were transferred, resulting in negative currents twice as large
in magnitude as the subsequent cycles with pronounced

V2 +/V3+ redox peaks, which was previously described.[30, 31, 43]

Again, the measurement was interrupted by an OCV period
after two cycles, but unwanted oxidation of vanadium(II) or (III)

was not observed because the redox peak currents were in-
creasing in magnitude with each cycle. This increase of the

peak current densities can be ascribed to the increasing
amount of V2 + , which then is oxidized to V3 + . With each cycle,

more VO2 + electrolyte gets reduced to V2 + inside the confined

space of the cell, resulting in increasing peak currents. Similar
oxidation and reduction peak currents were also observed for

this redox couple, indicating good reversibility of the redox re-
action.

During the cyclic voltammetry measurements, time-resolved
radiograms were obtained at 25 fps. To minimize the influence

of possible membrane movement and edge effects, we utilized

a 2.8 mm V 8.3 mm section within the working electrode as a
representative area to calculate the average saturation for

each frame. With this procedure, we could correlate the
changes in saturation with the measured current during the
cyclic voltammetry (see Figure 4) over time, as shown in Fig-
ure 5 (a–c) for the VO2+/VO2

+ and (d–f) for the V2 +/V3+ redox

couples. To increase the visibility of the data, a LOWESS (locally
weighted scatterplot smoothing) was applied to the average
saturation values, which reduces the data noise without ob-
scuring the trend of the data.

An overall decrease in the average saturation was observed

during the cycling, with the strongest decrease of @1.09 %
after the first two of the positive and negative cycles. The sub-

sequent cycles showed a very similar saturation decrease in
each case of approximately @1.00 (positive) and @0.70 % (neg-
ative). This decrease of the average saturation can be ascribed

to the carbon corrosion [CO2 evolution, see Eq. (5)] during the
positive cycles and hydrogen evolution [Eq. (4)] during the

negative cycles because the applied potentials are well within
the potential window of these side reactions, which are above

Table 1. Saturation values for each cell configuration after the injection
and flow.

Flow field configuration Saturation after injection
at 500 mL min@1 [%]

Saturation after flow
at 30 mL min@1 [%]

serpentine flow field 90.29 99.27
interdigitated flow field 90.99 92.96
flow-through 96.56 99.42

Figure 4. Cyclic voltammograms of the carbon felt in the vanadium(IV) electrolyte in the
potential region of (a) approximately 0.8 to 1.3 V vs. SHE and (b) approximately @0.5 to
0.0 V vs. SHE. Two cycles were recorded, followed by a potential hold during a tomogra-
phy recording at OCV. This procedure was repeated three times. The scan rate was
10 mV s@1. The initial (Ei, orange) and reverse potentials (Er, violet) are highlighted.
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0.21 V (vs. SHE) for the carbon corrosion and below 0.0 V (vs.
SHE) for the hydrogen evolution. As our previous studies

showed by the means of differential electrochemical mass

spectrometry (DEMS),[30, 31] the strongest CO2 and H2 evolution
occur during the first cycles of freshly prepared carbon felts,

which could explain the stronger decrease of the average satu-
ration during the first two cycles. Because the changes in the

average saturation are relatively small, 3D representations of
the carbon felt by the means of tomography do not provide

additional information and are consequently not shown.

Additionally, we observed changes in the slope of the satu-
ration during all cycles. During the positive cycles in Fig-

ure 5 (a–c), the slope was almost zero at each first oxidation
period (highlighted in blue) and more negative during reduc-

tion periods (red), resulting in a step-like shape.
During the first 30 s, the potential was held at Ei, which re-

sulted in a decrease in the average saturation. For Ei = 0.8 V in

Figure 5 (a), a small positive current of approximately 1 mA
could be measured, which originated from the already present

carbon corrosion. As soon as the cycling began and higher po-
tentials were applied, the change in the saturation stabilized

because the VO2+ was now preferably oxidized. As the concen-
tration of VO2 + decreased after reaching the reverse potential

Er, the average saturation also showed a strong decrease. The

same also applies to the reduction of VO2
+ . Besides the side

reaction, the changing vanadium species also influences the

saturation because VO2
+ electrolytes showed a 5 % higher sat-

uration than VO2 + owing to increased wetting properties, as

we observed in our previous study by the means of injection
experiments.[22]

The changes in the average saturation during negative
cycles in Figure 5 (d–f) cannot be correlated to the applied po-

tential or resulting current as easily because the step-like

shape is far less pronounced and the electrolyte composition
changes with each cycle, as described above.

During the first 30 s in Figure 5 (d), for which a constant po-
tential of Ei = 0.0 V was applied, the average saturation already

decreased steadily, presumably owing to the reduction of sur-
face functional groups, such as quinones, as well as a partial
reduction of VO2 + to V3+ , which both might influence the wet-

ting properties.[22, 44] During the first reduction period, in which
VO2 + was reduced to V2 + , the slope average saturation de-
creased owing to strong hydrogen evolution, which was addi-
tionally catalyzed by V2 + , as observed in our previous DEMS

studies[30, 31] and investigated in detail by Lee et al.[43] In the fol-
lowing cycles in Figure 5 (e, f), the peaks of the V2 +/V3 + redox

reaction became more pronounced, and the average satura-
tion almost flattened at potentials around the reverse potential
of Er =@0.5 V. Whereas in the first cycles of Figure 5 (e, f), this

flattening occurred only during the positive scan, that is, after
reaching Er, the average saturation remained unchanged

during the reduction of V3+ (red periods) in the respective
second cycles. As a side note, the first of the two negative

peaks during the reduction periods (except for the very first re-

duction) in Figure 5 (d–f) results from the reduction reaction of
VIII to VII, whereas the second peak results from the potential

reverse at Er of the cyclic voltammogram sweep, which inter-
rupts the exponential decrease of the hydrogen evolution.

However, a more detailed interpretation of the correlation be-
tween the saturation and the cyclic voltammetry of the

Figure 5. Changes in the average saturation (red line, with LOWESS applied) and the current response (black line) of the carbon felt during potential cycling
between 0.8 and 1.3 V vs. SHE (top row, VO2 +/VO2

+ redox couple), and @0.5 and 0.0 V vs. SHE (bottom row, V2 +/V3 + redox couple) for the respective cycles 1
and 2 (a, d), 3 and 4 (b, e), and 5 and 6 (c, f). Furthermore, the periods of oxidation (blue) and reduction (red) are highlighted. The scan rate was 10 mV s@1. The
initial (Ei, orange) and reverse potentials (Er, violet) are highlighted.
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V2 +/V3+ redox couple is beyond the scope of this study and re-
quires a detailed experimental procedure, such as the variation

of the vanadium concentration or electrolyte composition.
In general, cyclic voltammetry measurements are feasible

with this setup, and the simultaneous radiography provides
additional insight into the physical and (electro-)chemical be-

havior of the VRFB system. In future works, more advanced
procedures could be applied, such as different scan rates to

gain information about the transient response of the redox

system, or long-term cycling behavior to investigate the elec-
trochemical stability of the carbon felt electrodes.

Hydrogen evolution reaction

As discussed before, the hydrogen evolution reaction is one of

the main disadvantageous side reactions of the VRFB. By ap-
plying a constant potential of @0.3 V (vs. SHE) for 300 s, we in-

duced a continuous hydrogen evolution, again followed by

the acquisition of a tomogram at steady-state OCV to visualize
hydrogen bubbles. This part only includes the flow-through

setup as an example, which utilizes the flat flow fields.
The resulting current response and the calculated average

saturation for the three consecutive hydrogen evolution peri-
ods are shown in Figure 6. Again, the raw data of the average

saturation was processed with LOWESS to improve the visualiz-
ing of the trends in the data.

During the first HER period, a pronounced negative current

peakwa observed, which corresponds to the reduction of the
vanadium(IV) electrolyte to vanadium(II), whereas the following

two periods showed a very similar exponential decay of the
current. The saturation showed a slightly less negative slope

during the reduction of the vanadium, as was also visible in
Figure 5 (d), which points towards the influence of the vanadi-

um species on the wetting. After the reduction, the slope of

the average saturation leveled off and reached a constant
slope, similar to what was observed for the two consecutive

HER periods. Overall, a final saturation decrease of almost 3 %
was reached during all three hydrogen evolution periods.

Between each HER period, the potentiostat was set to OCV
to provide stationary conditions, and tomograms of the cell

were recorded to visualize the growth of the hydrogen forma-
tion. In Figure 7, the development of the hydrogen bubble for-

mation is shown, viewed from the top of the cell in the top
row and the membrane face in the bottom row. Some gas

bubbles are already visible in Figure 7 (a), before the HER, and
are assumed to be trapped air bubbles. The orange bubbles

displayed in each subsequent image are the bubbles formed

solely during the respective preceding HER period. This was
achieved by subtracting the tomogram recorded before an

HER period from the tomogram that was recorded after. As an
example, the tomogram in Figure 7 (b) results from the differ-

ence between the tomograms before [Figure 7 (a)] and after
the first HER (not shown), and thus only shows the bubbles

that formed during this first HER period.

A growth of hydrogen bubbles in the center of the felt is
visible, which is expected owing to the low solubility and high

hydrophobicity of H2. With each HER period, more evolution
sites appear, and the existing bubbles grow further, which is

reflected in the increased amount of voxels (13 mm/voxel) in
the tomogram and results in a bubble volume increase of 0.21,

0.48, and 0.65 mm3 during the first, second, and third HER peri-

ods, respectively. Because vanadium was reduced first during
the first HER period, the hydrogen formation was slightly

higher during the second HER (0.27 mm3) and lower again
during the third HER period (17 mm3), which correlates with

our previous DEMS study, in which the highest amount of hy-
drogen was formed after the vanadium reduction.[30]

The tracking and visualization of hydrogen evolution are

possible with this setup, and unique insights into the process-
es of VRFBs are accessible. With further, more advanced experi-

ment procedures, detailed studies can be performed, and even
full-cell charge/discharge experiments can be visualized.

Conclusions

In this study, we introduced a vanadium redox flow battery
(VRFB) cell design for synchrotron X-ray radiography and to-

mography to visualize the injection behavior of the vanadium
electrolyte through carbon felt materials. By the means of ex-
changeable flow-by and flow-through geometries and mani-
folds, we could investigate the impact on the flow dynamics.
Additionally, we studied the influence of electrochemical meas-

urements on the electrolyte saturation of the carbon felt by
the means of cyclic voltammetry experiments and constant po-
tential measurements to achieve a controlled hydrogen evolu-
tion.

After injecting a vanadium electrolyte with a steady flow
rate into the carbon felts, we observed the highest saturation

of the electrode with a flow-through configuration (96.56 %),
whereas serpentine and interdigitated flow fields led to similar-
ly saturated carbon felts (90.29 and 90.99 %). An additional
electrolyte flow with a higher flow rate increased the satura-
tion to up to 97 % in the case of serpentine flow fields.

By the means of a modified DHC setup, we were able to
record cyclic voltammograms for the VO2 +/VO2

+ and V2+/V3 +

Figure 6. Time-resolved current response of the three hydrogen evolution
periods and the decrease of the average saturation (dotted line, with
LOWESS applied) at a potential of @0.3 V vs. SHE. The peak during the first
period corresponds to the reduction of VO2 + to V2 + .
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redox couples and simultaneously track the changes in the

average saturation in the carbon felt working electrode. We

observed an overall decrease in the average saturation of up
to @1.09 % during the redox cycles owing to side reactions,

such as carbon corrosion and hydrogen evolution. Further-
more, the changes in the slope of the time-resolved average

saturation could be correlated to the current response of the
cyclic voltammetry and therefore to the polarization of the

electrode surface, the vanadium species, and the intensity of

the occurring side reactions.
The setup allowed us to investigate the presence of gas

bubbles owing to parasitic side reactions. In a constant poten-
tial experiment, we tracked the hydrogen evolution reaction
by its current response and the time-resolved decrease in satu-
ration and additionally visualized the gas evolution in 3D by

tomography. We showed that the evolved hydrogen gas
mainly accumulates at pre-existing air bubbles, which under-
lines the importance of a high wettability of the electrode sur-
face.

Hence, the cell design introduced in this work shows prom-

ising results to study the wettability during electrolyte injec-
tion and electrochemical measurements, as well as to visualize

side reactions inside the carbon felt electrode. More advanced
experimental procedures, such as full-cell charge/discharge
measurements or detailed compression studies are entirely fea-

sible with this setup and may be included in future work.
These measurements will help us develop theoretical models

for a better understanding of the multiphase and interfacial
flow phenomena within the porous electrode. Furthermore,

these experiments are essential for the evaluation and optimi-

zation of cell components currently being used in VRFBs.

Experimental Section

Synchrotron setup

The radiograms and tomograms were obtained at the Biomedical
Imaging and Therapy Bending Magnet (BMIT-ID) 05ID-2 beamline
at the Canadian Light Source Inc. (Saskatoon, Saskatchewan,
Canada).[45] For the radiograms, an exposure time of 50 ms, a frame
rate of 25 fps, and an effective pixel size of 13 mm were utilized. A
Budker superconducting wiggler was used to generate high-inten-
sity monochromatic synchrotron radiation with an energy of
30 keV in the storage ring. The distance between the sample and
the light source was 58 m, and the sample and the detector were
separated by 40 cm. An indirect detection scheme was applied, in
which the luminescent image produced by the X-rays was cap-
tured in a 500 mm thick YAG scintillator coupled with a CMOS
camera (Orca Flash V2 sCMOS, Hamamatsu Photonics, Shizuoka,
Japan). The YAG scintillator was chosen owing to its fast decay
time and its low afterglow. The resulting field of view was 26.6 mm
horizontally and only 8 mm vertically, as the vertical field of view
was limited by the divergence of the synchrotron beam. The esti-
mated spatial resolution of the detector was 40 mm. Ten dark-field
images (camera background, no beam) and ten flat field images
(background with beam, no sample) were recorded before and
after each tomographic set of images, during which the sample
was rotated 2008 around its vertical axis. The 2000 images for the
three-dimensional tomograms were only recorded within 1808 to
minimize the effect of acceleration and deceleration during rota-
tion, resulting in one image every 0.098. The images were recon-

Figure 7. Tomograms showing (a) the remaining air before HER, and (b–d) the evolved gas after each hydrogen evolution period inside the carbon felt work-
ing electrode, viewed from the front of the cell (x,z, top row) and the membrane face (y,z, bottom row). In the top row, the membrane is displayed on the left
(green), the flow field on the right (purple). The gas bubbles are shown in orange. The origin of the coordinate is at the same position in the top and bottom
row.
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structed based on the script ufo-kit, developed at the Karlsruhe In-
stitute of Technology.[46, 47] To remove ring artifacts in the raw
images, low pass filtrating sinograms in the frequency domain
were applied before further reconstruction steps were performed.

Determination of the attenuation coefficient

The X-ray attenuation coefficient of the VIV electrolyte at a beam
energy of 30 keV was determined by performing a calibration
based on the Beer–Lambert law. This experiment was designed
after the example of Ge et al. , who showed a schematic drawing
of the calibration cell and calculated the attenuation coefficient of
water at the same beamline as this work.[48] The step-wise increase
of the electrolyte thickness and the constant material thickness of
the device in the beam path allowed plotting ln (I0/I) versus the
thickness of the electrolyte and yields a straight line, in which I0 is
the empty calibration device and I is the local intensity of the filled
calibration device. The slope of the regression amounted to the at-
tenuation coefficient m for the electrolyte at this specific energy.
Image correction (dark field and flat field correction, and the beam
intensity decay correction) was applied as described in the section
“Experimental procedures and data processing”. The resulting at-
tenuation coefficient amounted to m= 0.554 cm@1 with an R2 of
0.9999.

Carbon materials, vanadium electrolyte, instruments

The carbon felt materials in this study were supplied by SGL
Carbon (Meitingen, Germany). We used SigracellS GFA 6 EA, a
Rayon-based, graphitized carbon felt with a nominal thickness of
6 mm compressed to 4.5 mm (25 % compression ratio) in all experi-
ments. The carbon felts were pretreated in a muffle oven for 25 h
at 400 8C in an air atmosphere to introduce active sites on the
carbon surface.[31]

The vanadium(IV) electrolyte was prepared by dissolving 0.1 m
VOSO4 (VOSO4·5 H2O, chemically pure, GfE) in 2 m H2SO4 [SuprapurS,
Merck, diluted with purified Milli-Q water (18.2 MW·cm)]. This elec-
trolyte was bubbled with nitrogen to remove atmospheric air and
subsequently transferred to a syringe before each experiment. The
syringe was placed in a syringe pump (LA-100 by Landgraf HLL,
Germany), and the potential in the electrochemical measurements
was controlled by the means of a Bio-Logic SP-300 potentiostat.
We utilized a NafionS N117 membrane and an Ag/AgCl reference
electrode (3.5 m NaCl, E = 0.209 V vs. SHE at 25 8C). All potentials in
this study were converted to SHE.

Experimental procedures and data processing

To study a wide range of properties of the carbon felt, as well as
the capabilities of the cell itself, the following experimental proce-
dure was performed.
Injection : In each cell configuration, we prepared a cell with com-
pletely dry electrodes and recorded a tomogram, followed by an
injection of the electrolyte (500 mL min@1 for 300 s) from the
bottom of the cell at the working electrode while performing radi-
ography. After a relaxation period of 300 s, a tomogram of the wet
cell was recorded subsequently.
Flow: After the injection a flow procedure was performed with
30 mL min@1 for 60 s with simultaneous radiography, followed by
another relaxation period of 300 s. A tomogram of the fully flood-
ed cell was recorded subsequently.

Cyclic voltammetry : Radiography was performed during a poten-
tial hold of 30 s at an initial potential (Ei) of approximately 0.8 V vs.
SHE, followed by two potential sweeps between Ei and the reverse
potential (Er) of approximately 1.3 V vs. SHE for the VO2 +/VO2

+

redox couple. For the V2 +/V3 + redox couple, the following poten-
tials were utilized: Ei&0.0 V vs. SHE and Er&@0.5 vs. SHE. After the
two cycles, a tomogram was recorded while holding the cell at the
OCV. This procedure was repeated three times for each potential
region.
Hydrogen evolution : The hydrogen evolution was studied by ap-
plying a potential of approximately @0.3 V vs. SHE for 300 s and si-
multaneously recording radiograms, followed by an OCV period of
300 s and a recording of a tomogram. This procedure was repeat-
ed three times.
Calculation of the average saturation values: Radiograms were
recorded at 25 fps and required post-processing to reduce the
background noise and the camera noise because they were the
input for the Beer–Lambert law [Eq. (7)] to determine the local
thickness of the electrolyte (del) in the image, as previously report-
ed by Ge et al.[49] Here, I0 describes the initial intensity and I the
current intensity of the detected beam, which corresponds to the
grayscale values of the radiograms, whereas m is the attenuation
coefficient and fr is the porosity given by the compression ratio
(CR) and the open porosity (f) of the felt [Eq. (8)] .

del ¼ ln
I0

I

. -
?m@1 ? @r ð7Þ

@r ¼
CR@ @
CR@ 1

ð8Þ

Two main corrections were applied to the radiography. The first
one is the beam intensity decay correction, applied after the exam-
ple of Hinebaugh et al.[48] Because the intensity of the X-ray beam
at the synchrotron decays over time, the background (flat field
image) changes over time as well. As they described, taking only
the background before the scan into account will lead to an over-
estimation of the saturation because the image appears as if more
intensity was attenuated. Thus, the flat fields taken after the radi-
ography scan were divided by the flat fields recorded before the
scan (in both cases, darkfield subtraction before division), which re-
sulted in a decay factor. Owing to the approximated linearity of
the decay over a short period (scans are not longer than 7.5 min),
the factor could be calculated for any given time. This time-re-
solved factor was then applied to the radiogram at the corre-
sponding time.
The second correction is the flat field and dark field correction.
Darkfield images (DF) were subtracted from each radiogram to ac-
count for the camera noise. To apply the Beer–Lambert law to de-
termine the electrolyte thickness, images of the dry cell (before in-
jection with electrolyte, IMGdry cell) were recorded as the back-
ground. The grayscale values of each pixel of the radiogram (IM-
Gwet cell) were subsequently divided by the grayscale values of the
corresponding pixel in the background image, which consequently
resulted in images containing solely the electrolyte because the di-
vision rids the image of any flat field effects of the cell setup. Equa-
tion (9) summarizes the processing:

I
I0
¼ IMGwet cell @ DF

IMGdry cell @ DF
ð9Þ

These radiograms were then ready to enter the Beer–Lambert law
as the I over I0 term. Local saturation and average saturation values
were calculated by using a python script written in-house.
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After the data analysis was completed, thresholds were applied to
omit noise in the 3D images and the contrast was enhanced to dis-
cern the multiple phases by using the open-source imaging tool
package FijiS (based on ImageJ).
To additionally increase the visibility of the saturation values of the
averaged radiograph frames, recorded during cyclic voltammetry
and hydrogen evolution experiments, LOWESS was applied with a
data range of 0.03 and 0.01, respectively.
The tomograms were visualized in AvizoS by the means of the
functions Median Filter and Interactive Thresholding.
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A B S T R A C T

Porous electrodes are commonly used in electrochemical devices such as fuel cells and vanadium redox flow
batteries (VRFBs). The performance of these electrodes depends on their transport properties including diffu-
sivity, permeability and electric/thermal conductivities, and further on their surface properties if two-phase flow
occurs at high current conditions. This paper reports a pore-scale investigation on the transport processes in-
volved in a carbon felt for VRFB applications. The microstructure of a carbon felt over a range of compression
ratios is first reconstructed from micro-computed tomography. Pore-scale model simulation, which solves the
coupled transport of electrolyte in porous materials, is employed to compute the effective transport properties of
the reconstructed model. The permeability and diffusivity of the carbon felt are found to decrease with in-
creasing compression ratio. Transport of liquid water within the reconstructed carbon felt is studied based on the
multiple-relaxation-time lattice Boltzmann method and the simulation result indicates that compression on the
electrode causes a large drop in porosity and flow resistance increases accordingly. Furthermore, the re-
constructed model is converted to a finite-element model and then solid mechanics simulations are performed to
gain insight to the stress distribution of the microstructure under compression. These effective transport prop-
erties are used in a two-dimensional macroscopic model to demonstrate the mesoscopic-macroscopic approach.
Compression on a porous electrode is found to contribute notably on the increase of vanadium concentrations
and pressure drops, which can be beneficial to the performance of VRFB. The methodology developed from this
research is readily applicable to other porous electrodes such as the gas diffusion layers for fuel cells.

1. Introduction

To mitigate the drawback of intermittent generation of renewable
power sources, such as solar and wind energy, inexpensive and large-
scale electrochemical storage devices are needed on the grid to buffer
the surplus of generated renewable energy. Among all types of large
scale energy storage solutions, the redox flow batteries (RFBs) are
considered as one of the most suitable candidates in terms of service
lifetime, capacity, design flexibility, safety, and reliability [1]. Zhang
et al. [2] reviewed different types of redox flow batteries and sum-
marized the research progress of key components of RFBs. The vana-
dium redox flow batteries (VRFBs) are the most advanced and fastest-
growing redox flow battery, and commercialization has been under way
[3,4]. Compared with other RFBs (e.g., iron-chromium redox flow
batteries), the VRFBs avoid the risk of cross contamination or crossover

of ions through the membrane, thus mitigating the adverse effects on
energy storage capacity [5]. A VRFB utilizes four stable oxidation states
of vanadium: the vanadium exists in the V2+ (charged) and V3+ (dis-
charged) states on the negative electrode, whilst the vanadium exists in
the V5+ (charged) and V4+ (discharged) states on the positive electrode
[6]. The negative and positive reactions and the total reaction of the
VRFBs are:

+ + ⇄ ++ + − +Positive VO H e VO H O: 22
2

2 (1)

⇄ ++ + −V V eNegative : 2 3 (2)

+ + ⇄ + ++ + + + +VO V H VO V H OCell : 22
2 2 3

2 (3)

Similar to other battery technologies, the electrodes are an im-
portant component of the VRFBs, since their characteristics affect the
transport properties and thus the performance of VRFBs. Currently,
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carbon paper and carbon felt are the most common materials employed
as porous electrodes. Carbon felts are considered to be suitable as
electrode materials because of their high electrical conductivity and
good chemical stability. Despite their advantages, carbon felt electrodes
still face the challenges of suboptimal exchange current density and
electrochemical activity [7], which affect the charge and discharge
voltage and determine the voltage efficiency of the battery during cyclic
operation. Recently, some researchers have attempted to improve the
performance of carbon felt electrodes and a few approaches have been
proposed. Liu et al. [8] and Wu et al. [9] reported new methods to
prepare the graphite felt electrode which enhanced electrocatalytic
activity of electrode as well as performance of VRFB. Several re-
searchers have investigated the relationship between compression ef-
fects and electrode performance, trying to find the best compression
condition [10–14]. New strategies for modifying carbon felt electrode
materials have been developed to improve the charge and discharge
performance of the electrodes, thereby improving overall performance
[15–17]. Oh et al. [18] presented a numerical evaluation on the effects
of carbon felt electrodes properties on the operation of VRFB using a
three-dimensional (3D) transient model. They found that the com-
pression can significantly improve the charge and discharge perfor-
mance of the electrode, and the distribution of vanadium in the elec-
trode is more uniform. Ali et al. investigated the effect of electrode
thickness and electrode porosity on the performance of VRFB [19]. Qiu
et al. [20] established a 3D model solving the transport of species and
charge at the pore-scale of the electrodes to investigate the micro-
structure of the carbon felt electrode. They focused on the mechanisms
of electrolyte flow and their dependence on operating parameters (e.g.
flow rates, electrolyte concentration), while the effects of compression
and structural parameters were not considered. Therefore, the present
study aims to explore the effects of compression on electrode perfor-
mance.

The pressure drop through the electrode is a useful metric to de-
termine the overall efficiency of a VRFB system, as it directly translates
into the parasitic pumping losses [21,22]. It can be measured with high
accuracy and is a useful tool to gain insight into the flow behavior in-
side the cell and the electrode [23,24]. Several components of the flow
cell would influence the pressure drop, the two most important being
the porous electrode and the flow field. The influence of these com-
ponents has been previously studied by various groups [25–29]. Houser
et al. found that the pressure drop is not the major contributor to the
overall loss mechanisms, as flow fields are designed in a way to
maintain low flow rate even at high current densities. However, the
flow field design is the dominant parameter on the pressure drop [26].
Xu et al. and Reed et al. [27,28] investigated the flow field structure
with respect to pressure drop and both works concluded that the in-
terdigitated channel structure would be the best design. Latha et al.
[30] showed that at higher cell temperatures, the viscosity of the
electrolyte decreases, leading to a lower pressure drop.

Numerical models developed thus far for the VRFBs can be roughly
divided into macroscopic models [31, 32] and pore-scale models
[33–36]. From a macroscopic perspective, only global features can be
captured, thus these macroscopic models cannot provide details of the
microstructural characteristics of the electrodes. By resolving the
structure of a porous electrode, pore-scale models can provide useful
information about the properties of the volume and the surface material
as well as the electrode-electrolyte interface, which can guide future
materials design. Furthermore, the recent advances in X-ray micro-
computed tomography for electrochemical systems have provided a
new and promising approach to further explore the microstructure of
porous materials [37,38]. Jervis et al. [39] presented a detailed XCT
study of in situ compression of a commercially available flow battery
felt commonly used in RFB electrodes using a compression rig and lab
XCT system. Visualization of the compression of the fibers, and effects
on metrics such as porosity, pore size distribution and tortuosity factor
of the microstructure of the material were investigated.

The objective of the present study is to develop a framework of
pore-scale modeling for porous electrodes. Specific objectives include
(1) Reconstruction of solid models from XCT images; (2) Performing
pore-scale simulations on these models to obtain the effective transport
properties of the electrode, and (3) Construction of a 2D, macroscopic
model of VRFB which utilizes these effective transport properties to
bridge the gap of mesoscopic model and macroscopic model. The re-
mainder of this paper is organized as follows. The procedure of re-
constructing solid models of carbon felt samples from XCT images is
described in Section 2. Several pore-scale simulations employed to
compute the effective transport properties and to assess the effects of
compression, including the pore-scale model (PSM) [36], lattice
Boltzmann method (LBM) [40], finite element method (FEM) [41], are
then introduced. A 2D macroscopic model developed to investigate the
effects of compression on VRFB performance is further discussed in
Section 2. All model results are presented and discussed in Section 3,
followed by conclusions drawn from numerical investigations.

2. Material characterization and numerical methods

In the present study, the microstructure of a carbon felt was re-
constructed into a 3D model from a series of XCT images. Different
formats of the geometry were tailored for different computer codes used
for pore-scale simulations. A Pore Scale Model (PSM) simulation pro-
gram [42] was employed to solve the transport of charges, heat, and gas
species through the electrode. An in-house code, multiple-relaxation-
time (MRT) LBM [43], was used to solve the liquid water transport in
the carbon felt. Solid mechanics simulations were carried out with FEM
software ANSYS [41]. Fig. 1 shows a schematic diagram of the con-
nections among different methods employed in this study, which il-
lustrates the workflow from the initial grayscale images to the final
analyses and the input required for each analysis. A more detailed de-
scription of these methods is provided in the following sections.

2.1. Reconstruction

A GFA 6EA carbon felt electrode from SIGRACELL® battery elec-
trodes (SGL Carbon, Germany) was imaged using synchrotron-based X-
ray micro-computed tomography technique [33]. The original, un-
compressed sample of the carbon felt electrode comprises
2015 × 2015 × 2015 pixels at an effective pixel size of 2.44 µm per
edge length and was recorded at the Karlsruhe Research Accelerator
(KARA in Karlsruhe, Germany) at the Topo-Tomo beamline with a
polychromatic beam at a mean energy of 13.5 keV. A LuAg:Ce scintil-
lator was used as a detector. In total 3000 single radiograms were re-
corded while the electrode was rotated by 180°, leading to one image
every 0.06°. These single images were subsequently reconstructed to
yield a 3D greyscale tomogram containing the topological information
of the electrode on a micro pore scale.

The carbon fiber has a mean diameter of approximately 10 μm and a
pore size distribution in the order of magnitude of ca. 10–100 μm
[44,45]. The thickness of electrodes ranged from 6 mm to 1.74 mm
depending on the compression varying from 0% to 75% (i.e., 75% re-
duction in thickness). The carbon felts compression set-up can be found
in the previous study of my colleague [44]. X-ray computed tomograms
(X-ray CT) were obtained at each prescribed compression ratio. The
grayscale images were pre-processed and digitized using ImageJ soft-
ware [46] together with a plugin package FIJI [47]. In order to clearly
differentiate between carbon fibers and pores, binary images were ob-
tained by segmentation according to a selected threshold range, where
1 represents fibers and 0 represents pores. These images were then
reconstructed into a virtual volume. During processing, the images were
cropped to obtain the appropriate computational domain. The electrode
structure used for simulations has a volume of dimensions
200 × 200 × 200 pixels at a resolution of 2.44 µm/pixel. The di-
mensions of each investigated volume were carefully chosen to
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accurately represent the trends in a larger volume and can thus be
considered significant, consideration with the concept of the re-
presentative elementary volume.

2.2. LBM model

Lattice Boltzmann method (LBM), which originated from the lattice
gas cellular automata (LGCA), has become a powerful numerical tool
for investigating transport phenomenon in complicated pore-scale
media such as GDLs in polymer electrolyte membrane fuel cells
(PEMFCs) [48–50]. In this work, a multiple relaxation time (MRT) LBM
was employed to solve multiphase and multicomponent flows with
large density ratios using two distribution functions [40,51]. The
thermodynamic behavior of a three-phase system including two fluids
(gas and water) and a solid phase was governed by the Navier–Stokes
Eq. (4) and the Cahn–Hilliard Eq. (5):

∂
∂

+ ∇ = −∇ + ∇ +
ρu
t

ρuu P η u F· · 2
(4)

∂
∂

+ ∇ = ∇
φ
t

ϕu M μ· 2
(5)

These equations can be solved by the following two equations
[43,51]:

+ + = − −

+ ⎛
⎝

− ⎞
⎠

−

−

f r e δt t δt f r t Q m r t m r t

δt I Q Q G r t

( , ) ( , ) Λ ( ( , ) ( , ))
1
2

Λ ( , )

i i i f f f
eq

f i

1

1
(6)

+ + = − −−g r e δt t δt g r t Q m r t m r t( , ) ( , ) Λ ( ( , ) ( , ))i i i g g g
eq1 (7)

where fi are the density distribution functions and gi the order-para-
meter vectors at lattice location r and time t. =Λα α f g( , ) is the diagonal
relaxation matrix, I is the identity matrix, and Q is a q× qmatrix which
linearly transforms the distribution functions fi and gi to the velocity
moments mf and mg, respectively.

In this work, LBM was employed to study the water distribution for
carbon felt electrodes at compression ratios up to 75%. The re-
constructed carbon felt electrode sample was discretized as LB model
with 2.44 μm per lattice. All samples were assumed to be hydrophilic
with a contact angle of 40°. To simulate liquid intrusion into the elec-
trode, a 10 LB thick reservoir was placed next to the domain inlet, a
pressure gradient was imposed to drive water into the domain. The
movement of water was tracked until it reached an equilibrium state.

2.3. Pore scale model

An in-house computer code, Pore Scale Model (PSM), was employed
to compute the effective properties of reconstructed models. This
method was first developed for PEMFC catalyst layers to simulate the
transport phenomena within the electrode, including the transport of
oxygen, water vapour, protons, electrons, and heat transfer [36,52].
Effective transport properties under different porosities and carbon
volume fractions can be computed. In the present study, the PSM model
was used to simulate the mass transport inside the reconstructed carbon
felt. A 200 × 200 × 200 mesh of the carbon felt electrode was used in
the present PSM simulations to compute different effective transport
parameters, including the effective diffusivity for species and the elec-
trical conductivity of the solid phase. The governing equations for
species diffusion and ion conduction are, respectively:

∇ ∇ =D C·( ) 0i i (8)

and

∇ ∇ =σ ϕ·( ) 0s s (9)

where Di is the diffusivity of ions, Ci is the ionic concentration, σs is the
electrical conductivity, ϕs is the solid potential. It is noted that in a
VRFB, transport of the vanadium ions is governed by the Nernst Planck
equation, which consists of convection, diffusion and migration terms,
see Section 2.5. Prescribed concentration boundary conditions were
applied at two opposite faces in the direction of interest, while periodic
boundary conditions were applied at all other faces of the domain. In
this paper, PSM simulations were performed on carbon felt samples at
different compression ratios. More details numerical approach of PSM
are given in Refs. [5,36,48,52].

2.4. Solid mechanics analysis with the finite element method

Some works have been reported on the stress and strain of micro-
structure under compression in recent years [53–56]. However, these
studies did not reflect the real displacement of microstructure in all
directions, which is needed to compute the transport properties of
porous media more accurately. In this work, the finite element method
was employed to investigate the stress and displacement distributions
of a carbon felt under compression [41]. Dynamic contact, friction
motion and extrusion deformation were considered during compression
in this simulation. Stress and strain distributions of the microstructure
in all directions are obtained and analyzed in the present study. In order
to simulate the contact behavior between the fibers during the

Fig. 1. Workflow of microstructure reconstruction and pore-scale simulations.
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compression, the contact type was set as frictional. Penetration was not
allowed and contact was automatically identified during the compres-
sion. To further ensure high element connectivity and meshing quality,
smaller element size was assigned to areas of overlapping, contact,
boundary, and stress concentration. In this study, a mesh size of 1 μm
was determined by conducting a mesh independence study. The com-
parison of simulation results under different mesh sizes can be found in
our previous study [57].

2.5. Two-dimensional macroscopic model

The methodology described thus far involves direct simulation of
conservation equations on resolved geometry of the porous electrode.
To model the performance of the electrodes in VRFB, macroscopic
models, which treat the electrodes as homogeneous materials, are often
preferred. The main purpose of the combined work of microstructural
reconstruction and pore-scale simulations is to obtain the effective
transport properties needed for such macroscopic models. In this paper,
a stationary, isothermal model [58] is employed to demonstrate the use
of effective transport properties computed from pore-scale models,
which contains positive and negative electrodes, membrane and current
collectors. The negative electrode is grounded and the current density
on the right boundary is set as 100 mA cm−2. The reactions for the
electrodes are:

+ ↔+ +V e VNegative electrode: _3 2 (10)

+ + ↔ ++ + +VO e H VO H OPositive electrode: _ 22
2

2 (11)

The Butler–Volmer equation is used for the electrode reaction:

⎜ ⎟⎜ ⎟= ⎛
⎝

⎛
⎝

⎛
⎝

− ⎞
⎠

− ⎛
⎝

− ⎞
⎠

⎞
⎠

⎞
⎠

Ai exp
α Fη

RT
exp

αFη
RT

i
(1 )

0
(12)

where A is the specific surface area of the porous electrode, α is the
transfer coefficient, F is Faraday's constant (96485 C mol−1), η is the
overpotential, which is defined as

= − −η ϕ ϕ Es l eq (13)

where ϕs is the electrical potential of solid phase of the electrode and ϕl

the electrolyte potential. The Nernst-Planck equation is used to describe
the transport of ions and charges, where the molar flux of species i, Ni,
can be expressed by:

= − ∇ − ∇ +N D c z u Fc ϕ c ui i i i mob i i l i, (14)

The first term is the diffusion flux, Di is the diffusion coefficient. The
second term on the right hand side of (14) is the migration term, which
consists of species charge number zi, the species mobility umob, i and the
electrolyte potential ϕl. The last term in (14) is the convection term,
where u denotes the fluid velocity vector.

The parameters used in uncompressed model are showed in Table 1
[59].

3. Results and discussion

Results of pore-scale simulations and macroscopic simulations are
presented in this section. Although in a VRFB the electrodes are flooded
with aqueous solutions, it is of interest to observe how liquid would
imbibe into the carbon felt at the beginning of operation. LBM simu-
lations of a liquid entering the electrodes are presented in Section 3.1,
followed by the result of permeability, which is computed when the
electrode is flooded with a liquid. Since the electrodes are always
compressed by the current collectors to reduce contact resistance, such
compression also impacts most transport properties through the elec-
trode, as it impacts the pore size distribution. Transport properties of
the electrodes at different compression obtained using PSM are pre-
sented in Section 3.2. A novel approach of simulating the process of
deformation of porous materials by the FEM method is demonstrated in

Section 3.3, where the solid model of the reconstructed electrode was
compressed by an external force. Finally, all the transport properties of
the electrode are applied to the macroscopic model and their effects on
VRFB performance are examined in Section 3.4.

3.1. Two-phase flow in electrode

In this section, movement of water in the carbon felts of three dif-
ferent compression ratios were studied. Compression changes the
electrode's microstructure and flow patterns of the electrolyte. As
shown in Fig. 2, at the same pressure applied to the liquid, the pene-
tration of liquid into the carbon felt electrode decreases with increasing
compression. This trend is expected, as the carbon felts are more
compressed, the fiber density increases, resulting into lower porosity
and higher specific surface area. Large pores, which typically provide a
path of low flow resistance are absent at high levels of compression
[60].Therefore, at high compression ratios, the capillary forces acting
on the liquid become greater, hence it faces a greater flow resistance.

Fig. 3 shows the imbibition curves extracted from the electrodes at
different compression ratios. In all cases except for compression ratio of
75%, saturation increases linearly during the initial stage and then le-
vels off. The slope decreases with increasing compression, which means
that liquid electrolyte can wet the pore space more easily at lower
compression ratio. The increase of saturation in 75% compression ratio
apparently takes a much longer to reach the fully saturated state. This
observation indicates that compression on the electrode causes a large
drop in porosity and flow resistance increases accordingly. Previous
works suggest that optimal compression ratio of flow batteries is 20% to
30%, which is sufficient to keep good contact with the current collector
and maintain a uniform flow rate of electrolyte at the same time
[18,61,62]. Compression on the electrodes has a positive effect on cell
performance, but reduced porosity necessitates extra power consump-
tion deliver the electrolyte, thereby it could result in a decrease of
overall energy efficiency.

3.2. Effective transport properties based on PSM

The carbon felt electrode has a porous structure, and the micro-
structure and properties such as the porosity, permeability, diffusivity,
electrical and thermal conductivity and contact resistances will be
changed greatly under compression. In this section, various micro-
structures with compression ratios ranging from 0% to 75% were si-
mulated to study the characterization and the effects of compression on
the structure and transport properties of carbon felt electrodes. For each
reconstructed microstructure, in-plane and through-plane simulations
and analyses were carried out. The resulted microstructures are shown

Table 1
Electrolyte properties and parameters.

Symbol Value Description

H_cell 0.035[m] Cell height
W_cell 0.0285[m] Cell depth
L_e 0.004[m] Electrode thickness
L_m 203e-6[m] Membrane thickness
DV2 2.4e-10[m2 s−1] V2+ diffusion coefficient
DV3 2.4e-10[m2 s−1] V3+ diffusion coefficient
DV4 3.9e-10[m2 s−1] VO2+ diffusion coefficient
DV5 3.9e-10[m2 s−1] VO2

+ diffusion coefficient
v 30[ml/min]/(wCell*L_e) Inlet velocity
sigma_e 19.49[S m−1] Electrode conductivity
epsilon 0.952 Electrode porosity
a 35e4[m2 m−3] Electrode specific area
E0_pos 1.004[V] Standard potential, positive reaction
E0_neg -0.255[V] Standard potential, negative reaction
beta 0.25 Dissociation constant
sigma_m 10[S m−1] Membrane conductivity
i_avg -100[mA cm−2] Average current density

M. Li, et al. Journal of Energy Storage 32 (2020) 101782

4

Page 190



Cumulative Part

in Fig. 4, which visually confirms the expectation that with increasing
compression, the density of the carbon fiber structure increases as well.
The porous nature of the carbon felt is helpful for the electrolyte in-
trusion into the pore space. A higher porosity results in the reduction of
the pressure drop of the liquid flowing through the pore space, leading
to lower parasitic pumping losses and benefitting the overall perfor-
mance of the battery system [55,56]. Table 2 shows variations in por-
osity and permeability of carbon felt electrodes at different compression
ratios. The porosity was calculated by importing the original CT images
into software ImageJ, where it is calculated using the following equa-
tion:

= ×orosity Volume of Voids Total Volume( / ) 100% (15)

As the carbon felt is compressed, the porosity decreases but it is not
changing linearly. With the uncompressed sample, it is 95.2%, and by
compressing 25%, 50%, 75%, the porosity of the sample is 92.6%,
89.5%, 78.8%, respectively. It can be concluded that the higher the
compression ratio, the more significant the porosity decreases which is

detrimental for reducing parasitic pumping losses.
Permeability reflects the flow characteristics of fluids in porous

electrodes [63]. Permeability can be affected by porosity, viscosity and
pressure difference driving the fluid flow. According to Darcy's law,
permeability can be calculated by Eq. (16)

=K
μ
P

Q L
AΔ (16)

where K represents the permeability of the porous electrode, μ is the
fluid viscosity, ΔP is the pressure loss over length, Q is the flow velocity
of fluid, L is the thickness of the porous electrode, A is the area of the
cross-section. It can be seen in Table 2 that the uncompressed sample
has a permeability of about 9e−12 m2, while the sample with a com-
pression ratio of 75% has a permeability of less than 1e−12 m2. Per-
meability decreases as the compression ratio increases. Permeability is
dependent on the porosity of the electrode [61], therefore, as the por-
osity decreases with compression, the permeation resistance increases
and the difficulty of water passing through the pores increases.

Fig. 2. Distribution of water distribution at different compression ratios. (Blue: water, Red: air, Yellow: carbon fiber). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.).
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Reduced porosity will increase the diffusion resistance of compo-
nents, which can be seen in the decreasing of ion diffusivity in Fig. 5(a),
the same trend of water vapor diffusion. And the higher the compres-
sion ratio, the faster the diffusion rate of the components decreases.
This observation can be explained by the finding that the pore size and
location and the connectivity of the pores are decreased as a result of
the compression, which in turn reduces the diffusion transport of the
electrolyte.

In addition, we studied the effect of compression ratio on material
anisotropy. In-plane and through-plane ion diffusivities and electrical
conductivity are shown in Fig. 5. As can be seen in Fig. 5(a), when the
diffusivity in each direction analyzed individually, it did not show
significant differences in in-plane and through-plane directions. On the
other hand, the electrical conductivity is impacted much more strongly
by compression ratios. Fig. 5(b) shows the electrical conductivity as a
function of the compression ratio, and the in-plane direction shows
sharper increases than the through-plane direction. As compression
ratio is increased, the porosity of the carbon felt increases, and its

electronic resistance decreases [6,64], thus the electrical conductivity
increases. Another important phenomenon observed is that the elec-
trical conductivity in all directions increases with increasing compres-
sion ratio, and the value of the in-plane conductivity is consistently
higher than the through-plane conductivity. This can be attributed to
the increasing compression ratio increases the contact between carbon
fibers and electrons are transmitted through the interaction of adjacent
carbon fibers, while the effect is marginal in the in-plane direction. In
contrast, the pore space where ions are transported through appears not
significantly altered due to compression over the range tested, there-
fore, anisotropy in diffusivity is not as obvious as that observed in
electrical conductivity [65,66].

3.3. Stress-strain analysis with the finite element method

Knowledge about the stress and strain distribution in compressed
carbon felts may provide insight into the performance and durability of
electrode materials, especially during VRFB operation under corrosive

Fig. 2. (continued)

Fig. 3. Imbibition curve for water invading the felt material under set levels of compression.
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conditions. In this section, the FEM reported [41] was used to simulate
the stress and displacement of reconstructed carbon felts in three di-
mensions. The present approach, which takes the properties of porous
materials and dynamic contact into consideration, should provide more
accurate information on material deformation due to compression. To
simulate the contact behavior between carbon fibers during the com-
pression, the contact type was set as frictional. Penetration among fi-
bers was not allowed and contact was automatically detected during the
simulation. The approach started with microstructure reconstruction
using X-ray micro-CT images to create a 3D solid model. The solid
model was then meshed with ANSYS software, see Fig. 6(a). Finally, the
compression process was simulated with LS-DYNA software, after
which a deformed carbon felt model at different compression ratios was
obtained. Fig. 6(b) shows the displacement distributions of a com-
pressed model. The simulation results show that the fiber movement
and the interaction among fibers under compression are quite complex.
The carbon fibers touch and squeeze each other during the compression
process, causing the carbon fibers to bend and warp in all directions (X,
Y and Z directions). Although the compression force was only applied in
the through-plane direction in this simulation, the fibers also move in
the in-plane direction due to the interaction between the fibers. As
compression ratio is increased to 10%, 20%, and 30%, the displacement
ranges (minimum, maximum) in Z direction are (-27, +6) μm, (-45,
+3) μm, and (-59, +5) μm, respectively. For CR= 10%, 20% and 30%,
the displacement ranges are almost [-10, + 10], [-15, + 15] and
[-25, + 20] μm, respectively. For a detailed description can be found in
Xiao et al. [41]. It is noted that the in-plane displacement of carbon
fibers (especially those larger than 5 μm) may also affect the transport
properties of the carbon felt significantly. Microstructural changes in
the through-plane direction and the in-plane direction will change the
pore connectivity and fiber material continuity simultaneously.

The present FEM model demonstrates a novel approach to in-
vestigate the microstructural deformation of fibrous materials subject to
compression force. This method can be employed to study potential
mechanical behavior of a porous electrode, and findings and insights
gained from such investigations can provide guidelines in selecting
porous materials for VRFB electrodes in the future.

3.4. Macroscopic simulation of VRFB

A macroscopic model for porous media with multiple components
can be viewed as a result derived from a representative element volume

(REV) using the volume averaging method [67]. The pore-scale mod-
eling employed in the present study is an approach to compute the
effective transport properties from an REV of the porous electrodes,
which can then be applied to a macroscopic model to describe the
coupled transport processes of a VRFB. In this section, model results of a
comprehensive VRFB using the effective transport properties of the
compressed electrodes are presented and discussed. Fig. 7(a) shows the
distribution of V3+ and VO2+ concentrations in the porous electrodes
at different compression ratios. The current density is set to 0.1 A/cm2

and the membrane charge concentration is set to 1900 mol/m3. In
Fig. 7(a), one can see that V3+ and VO2+ concentrations increase from
the inlet to the outlet and the current collector, due to the build-up of
concentration layers. As electrode compression ratio is increased, con-
centrations of V3+ and VO2+ decrease, e.g., the maximum concentra-
tion drops from 960 mol/m3 to 904 mol/m3 for compression ratios from
0% to 75%. This is primarily a result of higher ion transport resistance
(lower ion diffusivity) at higher compression ratios, as discussed pre-
viously. These impacts can also be seen in the V2+ (negative electrode)
and VO2

+ (positive electrode) concentrations where the minimum
concentration occurs near the outlets and the current collectors, shown
in Fig. 7(b). As the compression ratio of the electrodes is increased, the
overall concentrations of V2+ and VO2

+ also increase. This is important
for studying the charging state and performance of VRFB since the state
of charge (SOC), which is defined using the concentrations of vanadium
ions [42] as follows:

=
+

=
+

+

+ +

+

+ +
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C C
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C C

SOC V

V V
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VO VO

2

2 3

2

2
2 (17)

Fig. 8 shows ohmic loss of the electrodes (ΔV) and the pressure drop
(Δp) between the inlet and outlet of the electrodes under different
compression ratios. One can see that as compression is increased, ΔV
decreases, which is primary due to the increased electrical conductivity
at higher compression. A similar observation was reported previously,
which stated that cell resistance was influenced by compression ratio
[62]. On the other hand, the pressure drop that is required to pump the
same amount of electrolyte into the cell also increases with compression
ratio. An exponential increase of pressure drop across the module oc-
curs when compression ratio is greater than ca. 50%. This suggests that
there exists a threshold of compression beyond which the pressure drop
would increase drastically. It is noted that two factors contribute to the
increase of pressure drop, i.e., the reduced permeability of the electrode
and the narrower channel height. As discussed in 3.2, the electrode's
permeability decreases significantly as compression ratio increases.
More pumping energy is required to at higher compression ratio in
order to overcome the pressure drop across the stack, therefore a lower
overall battery system efficiency is resulted [68–70].

Fig. 4. Electrode morphology at different compression ratios reconstructed in PSM. Yellow represents carbon fibers and red represents pore space. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.).

Table 2
Porosity and permeability for different compression ratios.

Compression ratio (%) 0 25 50 75
Porosity (%) 95.2 92.6 89.5 78.8
Permeability (m2) 8.93e−12 8.02e−12 5.14e−12 9.49e−13
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4. Conclusions

The present study reports a methodology of pore-scale simulation
performed on the 3D models reconstructed from XCT images.
Investigations were carried out on the reconstructed electrode models
using the LBM, PSM and FEM methods. These methods were employed
to investigate the process of water intrusion into the electrode, to cal-
culate the effective transport properties, and to simulate the compres-
sion process and obtain the stress-strain distributions of the electrode,
respectively. Furthermore, a 2D macroscopic model was developed to
study the effects of carbon felt electrode compression on the

performance of VRFB. The effective transport properties extracted from
the pore-scale simulations were applied to this macroscopic model.
Some concluding remarks are made from these simulations:

(1) Electrode porosity decreases with increasing compression, resulting
in a decrease of electrolyte diffusivity, an increase of permeability
and electric conductivity. Compression is found to have more im-
pact on the in-plane electric conductivity than on the through-plane
electric conductivity. An optimum compression ratio of 25%-50% is
determined. Excessive compression would cause a significant in-
crease in the pressure required to pump the electrolyte into the

Fig. 5. Effect of compression ratio on material anisotropy: (a) Normalized ion diffusivity; (b) Electrical conductivity.
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system, which incurs extra power loss.
(2) FEM simulations over the reconstructed model can provide guide-

lines in selecting porous materials and future work will focus on
performing FEM simulations on larger domain of reconstructed
model.

(3) As electrode compression ratio is increased, concentrations of V3+

and VO2+ decrease as a result of higher ion transport resistance
(lower ion diffusivity) at higher compression ratios. And compres-
sion on a porous electrode was found to contribute notably on the
increase of pressure drops, which can be beneficial to the perfor-
mance of VRFB.

The present paper demonstrates how pore-scale simulations can be
employed to investigate the porous electrode material with VRFB
carbon felt as an example. It is noted that the present approach is
readily applicable to most other porous electrode materials, e.g., the gas
diffusion layer for proton exchange membrane fuel cells or electro-
lyzers.
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high-temperature polymer electrolyte membrane fuel cell 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• N-functional groups interact strongly 
with phosphoric acid. 

• N-functional groups control the phos-
phoric acid distribution in the electrode. 

• DRT technique identifies polarization 
losses of the N-functionalized catalysts. 

• N-functional groups influence the mass 
transport and the ORR resistance.  

A R T I C L E  I N F O   

Keywords: 
High-temperature polymer electrolyte 
membrane fuel cell (HT-PEMFC) 
Distribution of relaxation times (DRT) analysis 
Nitrogen-modified carbon supports 

A B S T R A C T   

Nitrogen-modified carbon supports were investigated in the catalyst layer of a high-temperature polymer elec-
trolyte membrane fuel cell (HT-PEMFC) with respect to fuel cell performance, kinetic, and transport-related 
voltage losses. Catalysts with different amounts of nitrogen functional groups (NHx) were synthesized and 
characterized by elemental analysis, thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS), 
and transmission electron microscopy (TEM). The interaction between the nitrogen-containing functional groups 
and the phosphate ions was investigated in RDE experiments. The experiments showed that in the case of the 
nitrogen-functionalized catalysts, the activity is reduced by a factor of up to 2 compared with a commercial Pt/C 
catalyst in 0.1 M HClO4 + 0.05 M H3PO4. The interaction was further confirmed by membrane electrode as-
sembly (MEA) testing. Impedance spectra and distribution of relaxation times (DRT) analysis were used to 
pinpoint the voltage losses of the fuel cell. We show that a low amount of nitrogen-containing functional groups 
improves performance; this can be attributed to the improved phosphoric acid distribution in the catalyst layer. 
This method can successfully control the acid distribution but must be fine-tuned for extended cell operation.   
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1. Introduction 

High-temperature polymer electrolyte membrane fuel cells (HT- 
PEMFCs) operate between 140 and 200 ◦C. They have several advan-
tages over conventional polymer electrolyte membrane fuel cells 
(PEMFCs), which typically operate at 80 ◦C. A higher operating tem-
perature increases the tolerance of fuel impurities and facilitates water 
and heat management. HT-PEMFCs can operate with relatively impure 
reformate gas with up to 3% CO at 200 ◦C [1]. Nevertheless, HT-PEMFCs 
have lower performance and are manufactured with a higher platinum 
loading than conventional PEMFCs. HT-PEMFC technology must 
therefore be improved in order to make it a commercially viable option 
[2]. 

HT-PEMFCs are operated with phosphoric acid (PA) as the electro-
lyte because of its thermal stability, low vapor pressure, and high con-
ductivity in the temperature range used. However, it is the PA that 
causes the main performance limitations. One of the main performance 
losses in an HT-PEMFC can be attributed to phosphate anion adsorption 
on the platinum surface, which strongly inhibits the oxygen reduction 
reaction. Oxygen solubility is also low in PA. This impedes oxygen 
diffusion and causes a further performance loss. In order to overcome 
these challenges, various strategies have been applied. These include the 
development of new catalysts (e.g., Pt–Ni, Pt–Fe, and Pt–Co alloys) [3] 
and the modification of the platinum surface to reduce the phosphate 
anion adsorption (e.g., by adsorption of spectator molecules such as 
cyanide) [4]. In addition, electrolyte additives (e.g., perfluoroalkyl 
phosphonic acids such as pentafluoroethyl phosphonic acid and tri-
fluoromethyl phosphonic acid) [5], have been used. They adsorb only 
weakly on the Pt surface and thus enhance the ORR. The triple-phase 
boundary in the catalyst layer (CL) has also been improved (e.g., by 
optimization of the binder content in the CL). Mack et al. [6] Investi-
gated how the amount of PTFE in the CL affects performance. They 
showed that low PTFE content floods the CL with H3PO4 and that a high 
PTFE content reduces the triple-phase boundary. The optimum perfor-
mance was achieved with 5% PTFE in the CL. 

The binder in the electrodes is used to increase the mechanical sta-
bility and to control the acid distribution in the CL. Hydrophobic PTFE is 
often used to build pathways for the gas through the CL and ensure that 
the CL is not completely covered with acid. In addition to the hydro-
phobic binder, an acid-absorbing binder such as polybenzimidazole 
(PBI) was tested. A PA layer is formed over the CL because of the 
interaction between PBI and PA. Seland et al. [7] improved fuel cell 
performance by adding PBI and showed that the amount of PBI is 
crucial. A high amount of PBI decreases the gas diffusivity but enhances 
proton transport. On the other hand, a low amount of PBI increases gas 
transport through the CL but reduces proton transport. Lobato et al. [8] 
achieved the same results and further showed that PBI reduces the ac-
tivity and the electrochemical surface area because the platinum surface 
is blocked by the PBI. 

Nitrogen-functionalized catalysts were successfully used in PEMFCs 
and HT-PEMFCs [9,10] to improve the ionomer and PA distribution in 
the CL. Catalysts with pyridine-functionalized carbon nanotube (CNT) 
support material were used as the anode material in HT-PEMFCs. These 
catalysts showed excellent performance under reformate conditions 
thanks to the good electrochemical interface between the CL and the PA. 
The interaction was achieved by pyridine groups that interact with the 
PA [9]. A similar technique was used in conventional PEMFCs in which 
NHx-functionalized carbon, which contains nitrogen groups on the car-
bon surface (mostly amide, imide, and lactam groups) was used as the 
catalyst support material. A homogeneously distributed ionomer film 
forms over the CL because of the coulombic interaction of the nitrogen 
groups and the sulfonate anions of the ionomer. This leads to increased 
performance because of improved oxygen mass transport [10]. 

NHx functionalized catalysts (not to be confused with pure amine 
groups) based on amide, amine, imide, lactam, and pyrrolic groups were 
never used in HT-PEMFCs. Because of the acid-base chemistry, the 

nitrogen groups should attract the PA and therefore build a PA network 
throughout the CL. Moreover, carbon support materials with nitrogen 
functionalities show high stability [11], which is also important for 
HT-PEMFCs when considering the harsh operating conditions. In this 
work, we synthesized the NHx-modified catalysts as described in our 
previous study [10] and investigated the relation between the amount of 
nitrogen-containing functional groups and the performance of an 
HT-PEMFC. Impedance spectra and the distribution of relaxation times 
(DRT) technique were used to pinpoint the voltage losses of the fuel cell. 

DRT was first used for HT-PEMFC characterization by Weiß et al. 
[12]. They described the typical fingerprint pattern in the DRT spectrum 
of an HT-PEMFC and assigned the separated peaks to individual pro-
cesses inside the fuel cell. The DRT technique was previously imple-
mented in conventional PEMFCs by Heinzmann et al. [13]. The 
differences in the DRT spectrum of conventional PEMFCs and 
HT-PEMFCs were discussed by Bevilacqua et al. [14]. 

2. Materials and methods 

2.1. Catalyst synthesis 

The functionalization of carbon with NHx groups and platinum 
deposition followed the description of previous publication [10]. 

Oxidation of the carbon: 2 g VULCAN® (Cabot Corporation) was 
mixed with 100 ml nitric acid (ACS reagent, Sigma Aldrich Corp.) in a 
glass round-bottom flask. The dispersion was then sonicated in an ul-
trasonic bath. The flask was then placed in a preheated 70 ◦C hot oil bath 
under refluxed conditions for 30 min. To remove the excess acid, the 
carbon was filtrated with a vacuum filtration setup with a membrane 
filter (membrane pore size 0.2 μm, PALL Corporation), washed with hot 
deionized water, and dried in a vacuum oven. In order to control the 
different amounts of oxygen surface groups, the oxidation conditions 
were altered by using different temperatures and nitric acid concen-
trations (70% HNO3 at 70 ◦C, 35% HNO3 at ambient temperature (AT)), 
8% HNO3 at AT). By adjusting the oxidation time and process and thus 
controlling the number of carboxylic acid groups, the amount of N- 
functionalization on the carbon surface can be controlled during the 
amination procedure (described below). 

Amination of the carbon: The oxidized VULCAN® samples were 
aminated in a tube furnace (Carbolite Gero GmbH & Co KG) with a 
constant flow of 1 l/h ammonia (Westfalen) at 200 ◦C for 4 h. The 
samples were then washed with hot deionized water and dried in a 
vacuum oven at 80 ◦C overnight. 

Pt deposition: 300 mg aminated VULCAN® was mixed with 100 ml 
deionized water, 200 ml ethylene glycol (99.8%, anhydrous, Sigma 
Aldrich Corp.), and 1.54 ml of 0.25 M H2PtCl6 solution (H2PtCl6 ∙ 6H2O 
from Alfa Aesar) in a 500 ml glass round-bottom flask. The mixture was 
stirred for 18 h at ambient temperature. The solution was then immersed 
in a preheated oil bath at 120 ◦C and stirred for 2 h. To stop the reaction, 
the flask was filled with cold deionized water and filtered using a vac-
uum filtration setup with a 200 μm filter (PALL Corp.). The filtrate was 
washed with hot deionized water and dried in a vacuum oven at 70 ◦C 
overnight to remove all traces of water. Two types of Pt loading catalysts 
were prepared: 5 wt% Pt and 20 wt% Pt supported on different N-wt 
%-functionalized carbons. Because of the small batch sizes, the synthetic 
procedure had to be repeated in order to ensure the adequate amount 
needed for fuel cell testing. 

The catalysts synthesized were evaluated by rotating disk electrode 
(RDE) experiments and fuel cell tests. Preliminary RDE experiments 
showed an interaction between the N-functionalized groups and PA. 
Here, catalysts with 5 wt% platinum and a nitrogen content of 0 wt%, 
0.9 wt% and 2.1 wt% nitrogen were used. In the following, the catalysts 
are abbreviated as Pt/C, NHx 0.9% and NHx 2.1%. The interaction of 
nitrogen groups with dihydrogen phosphate ions can be forced by a high 
ratio of NHx groups per platinum particle. To this end, a low Pt loading 
was chosen. 
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Because the fuel cell conditions are different from those of the RDE, 
the platinum and the nitrogen content of the N-based groups were 
adapted for the MEA. For the catalysts used for cell tests, 20 wt% Pt was 
chosen to reduce the thickness of the catalyst. The catalysts were pre-
pared with 0 wt%, 0.2 wt% and 0.4 wt% 0.7 wt% nitrogen. In the 
following, the catalysts are abbreviated as Pt/C, NHx 0.2%, NHx 0.4% 
and NHx 0.7%. 

2.2. X-ray photoelectron spectroscopy 

XPS measurements were performed with a Kratos Axis Supra spec-
trometer. The spectrometer uses a monochromatic Al Kα (1486.6 eV) X- 
ray source. All spectra were corrected with the C1s peak at 284.5 eV. 
Carbon powder was pressed into the holes of a sample holder using a 
stamp and then measured. The spectra were recorded at a constant pass 
energy of 80 eV, a step size of 0.1 eV, and a dwell time of 200 ms. All 
spectra were recorded at a pressure below 1.3⋅10− 8 mbar. The core-level 
spectra were fitted by Gaussian-Lorentzian functions after subtraction of 
a linear background. 

2.3. Thermogravimetric analysis and elemental analysis 

The platinum content of the catalysts was determined by thermog-
ravimetric analysis (TGA) using a TGA/DSC 1 (Mettler Toledo). The 
sample was heated to 1000 ◦C in 67% O2 in Ar in order to burn off the 
carbon support material. The platinum content of the sample was 
calculated using the weight of the residual sample. The elemental 
analysis of CHNS was determined by a EURO EA analyzer (Hekatech). 

2.4. Transmission electron microscopy 

Transmission electron microscopy (TEM) images were taken to 
determine the distribution of the platinum particle size. The samples 
were prepared by dropping a suspension of sample/deionized water 
onto the carbon-coated Cu400 TEM grid (Science Services). TEM images 
were taken for the functionalized catalysts with a CM100 EM (Philips) 
operated at 100 kV at a resolution of 0.5 nm and for the commercial 
catalyst with a Titan 80–300 (FEI) operated at 300 kV at a resolution of 
0.136 nm/px. The particle size distribution was estimated from 200 
particles that were measured with the ImageJ software. 

2.5. RDE 

The RDE technique was used to investigate the interaction between 
the NHx functional groups on the support material and the PA. Three 
different catalysts with different amounts of NHx groups (0 wt% N, 
0.9 wt% N, 2.1 wt% N) on the carbon support material were compared in 
terms of activity. All catalysts had a loading of 5 wt% Pt/C. 

The catalyst inks were prepared by mixing 8 mg catalyst with 5 ml 
dimethylformamide (DMF) and sonicating it in an ultrasonic bath in 
order to obtain a homogeneous ink. 7.5 μl of the ink was pipetted onto a 
5 mm diameter glassy carbon (GC) electrode (Pine) and dried overnight 
under a beaker. 

The RDE setup contains an in-house manufactured three- 
compartment glass cell with a three-electrode-setup, a GC electrode as 
a working electrode, Pt mesh as a counter electrode, and an in-house 
manufactured reversible hydrogen electrode (RHE) as a reference elec-
trode. The measurements were performed with an Autolab potentiostat 
(PGSTAT302N, Metrohm AG) connected to a rotator (Pine). The mea-
surements were carried out in 0.1 M HClO4 and in a mixture of 
0.05 M H3PO4 and 0.1 M HClO4 in order to investigate the interaction 
between the NHx functional groups and the phosphate species. The 
electrolytes were prepared with ultrapure Milli-Q water (18.2 MΩ cm at 
20 ◦C, Merck Millipore KGaA), PA (≥85%, 99.999% trace metals basis, 
Sigma Aldrich), and perchloric acid (60%, Kanto Chemical Co., Inc.). To 
avoid contamination of the HClO4 with phosphate ions, the 

measurements with HClO4 were first carried out in another setup. The 
electrode was then dipped in another cell setup that contained the 
H3PO4/HClO4 mixture; the same measurements were repeated. The 
gases Ar, O2, and H2 (Westfalen) had a grade of 6.0. The electrochemical 
active surface area (ECSA) was determined in Ar at 20 mV/s using the 
HUPD method, and the activities were determined in O2 at 20 mV/s from 
the anodic scans. All potentials are iR-corrected and referenced to RHE. 

2.6. Electrode and membrane electrode assembly preparation 

The electrodes and the membrane electrode assemblies (MEAs) were 
prepared according to Mack et al. [6] and Bevilacqua et al. [15]. The ink 
for the electrode fabrication was prepared by mixing 8 g water, 8 g 
isopropanol, 500 mg 20 wt% Pt/C catalyst powder (Heraeus), or the 
synthesized 20 wt%Pt/C-NHx 0.2 wt% N, 20 wt%Pt/C-NHx 0.4 wt% N, 
20 wt%Pt/C-NHx 0.7 wt% N catalyst powder and a 56 mg PTFE 
dispersion (60% PTFE, Dyneon 3 M), which corresponds to 7 wt% PTFE 
of the solid component. In the following, the catalysts are abbreviated as 
Pt/C, NHx 0.2%, NHx 0.4%, and NHx 0.7%. 

The ink was sonicated and stirred until the dispersion was homoge-
nized. The ink was then sprayed onto the GDL (H2315C2, Freudenberg, 
thickness 225 μm) with an airbrush system fabricated in-house. The GDL 
was placed on a pre-heated plate (80 ◦C) in order to accelerate the 
evaporation. A 5 × 5 cm frame was placed on top of the GDL during the 
spraying process to define the electrode area. Several spraying steps 
were required to ensure an equal catalyst distribution and prevent 
cracks in the CL. After each spraying step, the GDL was rotated by 90◦

and left to dry before the next layer was applied. The Pt loading of the 
gas diffusion electrode (GDE) was determined by the weight of the GDL 
after coating. All electrodes had a loading of 1 mgPt/cm2. 

Four different MEAs were prepared: NHx 0.2%, NHx 0.4%, NHx 0.7%, 
and a commercial Pt/C as reference. The anode and cathode were based 
on the same electrodes. In preliminary testing, a commercial standard 
catalyst was used for the anode and the NHx-functionalized material for 
the cathode. During the experiment, the anode dried out and the cathode 
flooded because of the strong interaction between the NHx groups and 
the PA. A symmetrical MEA was therefore necessary in order to avoid an 
unequal acid distribution. The PBI membrane (Danish Power Systems) 
was stored for four months in 85% PA so that the acid would soak in. The 
MEA active area was defined by the PEEK sub-gasket (75 μm) window 
and had an area of 4 cm2. 

2.7. Fuel cell operation and diagnostics 

The electrochemical measurements were performed using single-cell 
hardware manufactured in-house. The cell contained stainless steel 
plates with 6.25 cm2 serpentine flow-fields with 12 parallel channels 
(1 mm lands and 1 mm channels with a depth of 1 mm) and aluminum 
clamping plates equipped with heating pads. The assembling torque 
applied was 2 N m. For the sealing, in-house manufactured virgin PFTE 
gaskets of 220 μm thickness were used for both electrodes. This resulted 
in a compression of 20–25%. 

The cells were conditioned at 160 ◦C in galvanostatic mode with a 
stoichiometry of air λair = 2 and H2 λH2 = 1.8 using an external load 
(Zentro-Elektrik). The commercial Pt/C-based MEA was activated at 
100 mA/cm2, while all the N-functionalized carbon-supported catalysts 
(NHx 0.2%, NHx 0.4%, and NHx 0.7%) were activated at 200 mA/cm2 in 
order to accelerate the activation. 

To quantify the activation processes of the cells, polarization curves 
were measured after 24 h, 48 h, and 120 h in galvanostatic mode by 
increasing the current density starting from OCV to high current den-
sities. The cut-off voltage of the polarization curves was set to 300 mV. 
Each current density point was held until the voltage was stable for at 
least 3 min. AC impedance spectra were collected at different cathode 
stoichiometries (λair = 2, 5, 10; λH2 = 1.8) and different current densities 
(100, 200, 300, 400, 500 mA/cm2) using a potentiostat (Zahner 
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Elektrik). At each point, the cell was held for 30 min in order to ensure 
the MEA had reached a stable point before each EIS spectra acquisition. 
The EIS spectra were recorded from 100 kHz to 100 mHz/50 mHz with 
an amplitude of 10 mA. 

2.8. DRT analysis 

It is difficult to quantify the losses in the impedance spectra without 
further analysis. The distribution of relaxation times (DRT) technique 
was therefore applied. The mathematical relationship between the 
impedance Z(ω) and the distribution function of relaxation times γ(τ) 
has been described for solid oxide fuel cells [16]: 

Z(ω)=R0 + Rpol

∫∞

0

γ(τ)
1 + jωτ dτ. (1)  

R0 represents the ohmic resistance, Rpol the polarization resistance, τ the 
time constant of an RC element, ω the frequency, and j the imaginary 
unit. Finding a solution for γ(τ) is complex and described in detail by 
Schichlein et al. [17] and Ciucci et al. [16]. In our case, an open-source 
DRT MATLAB® tool [18] converted the impedance spectrum into a 
distribution spectrum by calculating γ(τ). The separated peaks (Px) are 
related to different fuel cell processes. Their resistances (Rx) (see sup-
porting information Figure S1) can be calculated as followed: 

Rx =

∫ bx
ax γ(τ) dτ

τx
. (2) 

DRT spectra are usually plotted over the frequency. The spectra can 
be converted from τ in a frequency domain by f = 1/(2πτ). The main 
performance losses of the MEAs are attributed to mass transport (MT) 
and the oxygen reduction reaction (ORR). The peaks in the high- 
frequency range have not yet been classified in detail. It is thought 
that the proton transport and the processes at the anode take place in the 
high-frequency range [12,14]. Nevertheless, the losses in the 
high-frequency range are relatively small and therefore not considered 
in this work. 

3. Results 

3.1. Characterization of the functionalized carbon 

After the functionalization, the carbon supports were analyzed by 
CHNS elemental analysis in order to determine the nitrogen content. The 
results are summarized in Table 1. The carbon content decreased from 
samples 1 to 3 as a result of the different oxidation protocols: Sample 1 
was oxidized under higher temperature and acid concentration than 
Samples 2 and 3 and therefore a higher number of carboxylic groups 
were generated. For all samples, the amination was performed under the 
same conditions. The amount of nitrogen incorporated on the carbon 
surface depends on the number of COOH groups available to react with 
ammonia at elevated temperatures. The nitrogen content thus decreased 
from Sample 1 to 3: C-NHx with 0.7 wt%, 0.4 wt%, and 0.2 wt%. 

The support materials synthesized were also characterized by 
XPS (Fig. 1) in order to identify the nature of the nitrogen groups. The 
fraction of the different N-moieties is presented in Table S2. A 

pristine VULCAN® sample was also analyzed to confirm that the 
detected nitrogen content of 0.2 wt% for the pristine VULCAN® was not 
a surface group but rather originated from the bulk carbon. As expected 
for pristine VULCAN®, the N1s spectrum (Fig. 1a) does not show any 
peak in the nitrogen region and thus confirms the absence of surface N. 

Treating the oxidized carbon materials with ammonia resulted in 
various nitrogen-containing groups on their surface. Jensen et al. [19] 
described the reaction paths of carboxylic groups with ammonia. Amide, 
imide, and lactam groups are formed when the carboxylic groups bind to 
the edges of the aromatic carbon network. The groups formed can 
further be transferred to pyrrole and pyridine groups through dehy-
dration or decarboxylation. In addition to these types, the formation of 
quaternary, graphitic nitrogen, and N-oxide of pyridine is also possible 
[20]. 

Schmies et al. [11] aminated VULCAN® samples at 400 ◦C and 
800 ◦C and detected the following groups: pyridinic (398.3–398.7 eV), 
pyrrolic, imide, and lactam (400–400.3 eV), quaternary 
(401.2–401.4 eV), and graphitic (402.8–402.9 eV). They also found 
nitrate and nitrite in the aminated samples; this also occurred in their 
oxidized VULCAN® sample. It is highly plausible that this is a residue 
from the oxidation step. The same six peaks were found in this study 
(Fig. 1): pyridinic (398.5–398.6 eV), pyrrolic, imide, amine, and lactam 
amide (399.8–399.9 eV), quaternary (401.0–401.1 eV), graphitic 

Table 1 
Results of the elemental analysis of pristine VULCAN® and different C-NHx support materials, which were synthesized under different conditions.  

Sample no. Carbon oxidation Amination CHNS analysis 

T [◦C] w HNO3 [%] Time [min] T [◦C] NH3 flow [l/h] Time [h] C [%] H [%] N [%] S [%] 

Pristine VULCAN® – – – – – – 98.4 0.1 0.2 0.5 
1 70 70 30 200 1 4 98.6 <0.1 0.7 0.3 
2 AT 35 30 200 1 4 96.8 <0.1 0.4 0.3 
3 AT 8 30 200 1 4 94.1 <0.1 0.2 0.4  

Fig. 1. XPS spectra in N1s region with peak deconvolution (black: row data; 
gray: envelope; green: pyrrole, amide, amide, imide, lactam; yellow: pyridinic; 
red: quaternary; purple: graphitic; orange: nitrate; blue: nitrite) for the pristine 
VULCAN®, C-NHx 0.2 wt% N, C-NHx 0.4 wt% N and C-NHx 0.7 wt% N. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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(402.4–402.5 eV), nitrate (403.7–403.8 eV) and nitrite 
(405.9–406.1 eV). The shift to lower eV is because of the correction of 
the N1s spectra with C1s at 284.5 eV; Schmies et al. [11] observed their 
C1s at 284.8 eV. 

The type and ratio of the groups formed are dependent on the tem-
perature of the ammonia heat treatment. Lactam and imide groups are 
formed mainly at temperatures <400 ◦C [21]. This agrees with our 
synthesis, which has a main peak at around 399 eV for all samples (green 
peaks in Fig. 1); this corresponds to pyrrolic nitrogen as well as to lactam 
and imide groups. 

All carbons prepared contain the same nitrogen groups and thus can 
ensure the nitrogen functional groups. For Sample 3 (C-NHx 0.2 wt% N), 
even though the N wt% is the same as the pristine VULCAN® (as 
determined from CHNS), the XPS spectra confirm the presence of surface 
functional groups. The mild treatment of Sample 3 resulted in a slight 
enrichment of N-species on the surface. This enrichment was too low to 
modify the overall bulk content but high enough to result in a visible 
XPS signal. 

3.2. Characterization of the catalysts 

After platinum deposition, the catalysts were analyzed using ther-
mogravimetric analysis (TGA) in order to determine the amount of 
platinum in the samples. The experiment was repeated three times, and 
the average value for the amount of platinum was used: 20.1 ± 0.1 wt% 
for NHx 0.2%, 20.4 ± 0.0 wt% for NHx 0.4%, and 19.4 ± 0.1 wt% for 
NHx 0.7%. TEM images were taken for the functionalized catalysts as 
well as for a commercial catalyst from Heraeus (20.0 wt% Pt/C) in order 
to determine the particle size distribution (Fig. 2). The catalyst surface 
area was determined from the TEM images, as described in Ref. [22]. 
The particle size distribution as well as the catalyst surface area of the 
commercial catalyst is similar to those of the functionalized catalysts. 
The average platinum particle size for the catalysts is around 3 nm, and 
the catalyst surface area is 88–97 m2/gPt. 

3.3. RDE testing 

For the RDE experiments, catalysts with 5 wt% platinum and a ni-
trogen content of 0 wt%, 0.9 wt%, and 2.1 wt% nitrogen were used. In 
the following, the catalysts are abbreviated as Pt/C, NHx 0.9%, and NHx 
2.1%. 

ORR activity measurements were conducted with functionalized 

(NHx 0.9%, NHx 2.1%) and a non-functionalized catalyst (Pt/C) in 0.1 M 
HClO4 (Fig. 3a). Here is no correlation between the degree of NHx 
functionalization and the ORR mass activity and specific activity 
(Fig. 3c). This is in agreement with the results previously reported by 
Orfanidi et al. [10] The activity for NHx 2.1% was slightly lower than 
other catalysts because the electrode film quality on the GC disk was 
worse than the other ones. 

The same catalysts were then tested in a mixture of 0.1 M HClO4 and 
0.05 M H3PO4 (Fig. 3b and d). It was shown that the activity is 
dramatically reduced with the addition of H3PO4 because phosphate 
species are adsorbed on the platinum active sites and block their activity 
[23,24]. Even a small amount of H3PO4 results in a strong reduction in 
activity. By adding 0.05 M of H3PO4 to 0.1 M HClO4, the ORR curves 
shifted 120–160 mV toward more negative potentials (compared with 
0.1 M HClO4; Fig. 3a and b). This indicates a decrease in the activity by 
around one order of magnitude (Fig. 3c and d). 

In contrast to the RDE measurements in HClO4, the measurements in 
the presence of PA showed a clear correlation between ORR activity and 
the degree of N-functionalization. To be more precise, the mass activity 
and the specific activity decrease with the increase in the amount of NHx 
groups. This can be explained by the interaction between N-function-
alized groups and dihydrogen phosphates (Fig. 3e and f). The NHx 
groups are protonated in an acidic environment (NHx

+) and attract the 
negatively charged dihydrogen phosphate via coulombic interaction. 
These groups therefore create a higher concentration of phosphate ions 
in the vicinity of the platinum particle. This effect increases with a 
higher amount of the nitrogen groups and creates a phosphate ion cloud 
over the Pt/C; this facilitates the phosphate adsorption on the active 
sites and hinders the oxygen transport close to the platinum surface. The 
non-functionalized catalyst thus exhibits almost two-fold the activity as 
NHx 2.1%. 

The opposite effect was observed by Jung et al. [25] for L-cysteine, 
which was adsorbed on platinum. L-cysteine behaves similarly to NHx 
groups because it forms protonated N-groups in an acidic environment. 
The authors showed a clear increase in activity in RDE experiments with 
electrolytes containing 0.05 M H3PO4. The L-cysteine forms a coulombic 
barrier on the surface, and the positively charged part at the mobile end 
of the molecule chain interacts with the negatively charged phosphate 
ions. The phosphate is separated from the platinum surface by the long 
molecule chain. The effect that adsorbed spectator molecules on Pt can 
prevent strong phosphate adsorption has been shown in RDE studies for 
organic amines [26,27] binaphthyl thiols [28], and cyanide [4]. 

Fig. 2. TEM images for a) Pt/C (Heraeus), b) NHx 0.2%, c) NHx 0.4%, d) NHx 0.7% and particle size distribution and ECSA for e) Pt/C (Heraeus), f) NHx 0.2%, g) NHx 
0.4%, h) NHx 0.7%. 
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However, the goal of our study was not to prevent phosphate 
adsorption on platinum. The support material was functionalized to 
build a homogeneous PA layer over the whole CL surface in order to 
improve the electrochemical interface between the acid and the CL. In 

the HT-PEMFC, this can lead to improved acid distribution inside the 
porous CL and enhance performance by increasing the triple-phase 
boundary. 

Fig. 3. RDE results of different nitrogen functionalized catalysts. All catalysts contain 5 wt% Pt. Anodic scan at 20 mV/s, 1600 rpm, in O2 saturated a) 0.1 M HClO4 b) 
0.1 M HClO4 + 0.50 M H3PO4. Calculated mass and specific activity at 0.9 V in c) 0.1 M HClO4 d) 0.1 M HClO4 + 0.05 M H3PO4. The errors represent the standard 
deviation from two independent experiments. Situation during the RDE experiment in 0.1 M HClO4 + 0.05 M H3PO4. e) Pt/C catalyst: dihydrogen phosphate ions are 
partly attracting the platinum. f) Functionalized catalyst: NHx groups are protonated by the acid and attract the negatively charged dihydrogen phosphate ions and 
form a strong barrier to the platinum surface. 

Fig. 4. Polarization curves recorded during the activation phase of the MEAs under ambient pressure at 160 ◦C cell temperature and using a stoichiometry of air 
λair = 2.0 and H2 λH2 = 1.8: a) Pt/C, b) NHx 0.2%, and c) NHx 0.4%. d) Corresponding HFR recorded during the activation phase of the MEAs. The cells were activated 
at 200 mA/cm2. The MEAs were composed of the same catalyst for both anode and cathode with an electrode Pt loading of around 1 mgPt/cm2. 
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3.4. Activation phase of the MEA 

For the fuel cell, catalysts with 20 wt% platinum and nitrogen con-
tent of 0 wt%, 0.2 wt%, and 0.4 wt% 0.7 wt% nitrogen were used. In the 
following, the catalysts are abbreviated as Pt/C, NHx 0.2%, NHx 0.4% 
and NHx 0.7%. 

To quantify the adequate activation time (break-in period) of the 
cells that contain nitrogen-functionalized material (NHx cells), polari-
zation curves were recorded every 24 h (Fig. 4). Because all the MEAs 
tested were composed of different catalysts, it was expected that 
different activation times would be required to reach stable 
performance. 

The high nitrogen content of the NHx 0.7% catalyst altered the dis-
tribution of PA within the electrodes. The electrode was thus flooded 
with PA during activation, which reduced the performance of the cell. 
EIS data confirmed the presence of high charge transfer resistance and 
high mass transport resistance (Fig. S3). This type of MEA is not dis-
cussed further because the amount of 0.7 wt% N is too high and resulted 
in an unstable performance because of PA flooding of the electrodes. 

We compared the activation for the NHx cells with the activation for 
a Pt/C cell at 200 mA/cm2. All MEAs performed best after 24 h of 
activation (Fig. 4a–c). MEA containing Pt/C shows a stable performance. 
However, for NHx cells, the performance decays over time. NHx 0.2% 
exhibited a voltage loss of 177 μV/h at 700 mA/cm2 after 120 h of 
operation, whereas NHx 0.4% exhibits a high voltage loss of 916 μV/h, 
which begins after 48 h of operation. We assume that only a minor 
functionalization degree of 0.2 wt% N results in a degradation of the 
electrodes. 

There is a major difference in the HFR behavior during activation for 
NHx cells compared with Pt/C (Fig. 4d). During conditioning, when the 
acid of the doped PBI membrane enters the porous CL, the HFR is ex-
pected to increase slightly. For the nitrogen-modified catalysts, the HFR 

increases by 24 mΩ cm2 (NHx 0.2%) and by 40 mΩ cm2 (NHx 0.4%), 
whereas the Pt/C shows a small increase of 8 mΩ cm2 over 120 h. The 
huge increase of the HFR for the NHx cells can be attributed to the strong 
interaction between the nitrogen groups and H3PO4. During the acti-
vation, the PA is redistributed from the membrane to the electrodes. This 
process is more pronounced in the case of the MEAs based on NHx- 
functionalized carbons because of the strong coulombic interaction of 
the N-groups and the PA. As a result of this strong migration of PA from 
the membrane into the electrodes, the increase in the HFR is stronger. 

In order to get a better understanding of the effect of the amount of 
NHx on the performance and the migration of the PA, we analyzed the 
EIS spectra after the activation and compared them with an MEA con-
taining the commercial catalyst. 

3.5. Characterization of the MEA 

The MEAs were further characterized after they reached their 
maximum performance after the activation. The fully conditioned cells 
can now be compared with each other. The polarization curves of the 
NHx 0.2% and NHx 0.4% cells were further characterized. Impedance 
measurements were also conducted at different current densities. The 
data was compared with a cell prepared with a commercial Pt/C cata-
lyst. The amount of acid in the MEA affects the performance, especially 
in the case of the functionalized catalysts. We thus HFR-corrected the 
polarization curves. The uncorrected and HFR-corrected polarization 
curves as well as the HFR are displayed in Fig. 5a and b. 

From the data presented in the previous section, different MEA 
performances are expected for the NHx-functionalized catalysts. This is 
reflected in the polarization curves (Fig. 5). The overall trend shows that 
the higher the N wt% on the carbon support, the worse the MEA per-
formance at high current densities. 

However, this is not the full picture of these new materials. HFR- 

Fig. 5. a) Experimental polarization curves (solid 
lines) and HFR-corrected polarization curves (dashed 
lines) for NHx 0.2%, NHx 0.4%, and Pt/C, stars 
represent interpolated HFR-corrected values at high 
current densities. b) Corresponding HFR of the 
MEAs. c) Impedance spectra recorded at 200 mA/ 
cm2 with the corresponding frequency decades and 
corresponding d-f) DRT spectra. Measurements were 
done at 160 ◦C cell temperature and ambient pres-
sure under the stoichiometry of air λair = 2.0 and H2 
λH2 = 1.8. The MEAs were composed of the same 
catalyst for both anode and cathode with an elec-
trode Pt loading of around 1 mgPt/cm2.   
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correction of the polarization curves up to 500 mA/cm2 (no HFR was 
recorded at higher current densities because of booster limitation) 
shows that the MEA containing a functionalized carbon-bearing 0.2 wt% 
N has a much better performance at 500 mA/cm2 compared with a 
conventional MEA despite the accelerated PA migration in the CLs. The 
HFR in the MEAs generally depends strongly on the doping level of the 
membrane and the excess of PA in the MEA. It is expected that even at 
1000 mA/cm2, the HFR would not significantly vary from the HFR at 
500 mA/cm2. The HFR correction has a greater effect at higher current 
densities. The potential differences between the corrected and uncor-
rected curves increase with higher current densities (Fig. 5). Thus, HFR- 
correction shows the performance benefit of the N-functionalized CL 
compared with conventional CLs. We can see that the functionalization 
has the potential to improve the performance. To achieve this, the 
amount of acid in the MEA, which can be controlled by the doping level 
of the membranes, must be optimized in order to reduce the HFR-based 
voltage losses. The optimization of the distribution of H3PO4 is vital to 
the HT-PEMFC, and we present a method of doing so. However, the 
degree of functionalization introduces new parameters and trade-offs, 
which will need to be investigated more closely. 

However, the results show that an N wt% higher than 0.2% leads to 
an excess of PA in the CL; this results in local flooding, which increases 
the mass transport resistance at the cathodic electrode and leads to a 
considerable loss in performance. These results are in line with our 
activation experiments. We saw that the performance decreases strongly 
for NHx 0.4% after a short period. During operation time, the electrodes 
take up more acid from the membrane and become increasingly flooded. 
A similar effect was found by Park et al. [29] who tested different 
binders in HT-PEMFCs. They observed a strong decrease in performance 
during long term operation when they used PBI as a binder. They sus-
pected that the acid absorbing PBI floods the electrode because of a 
transfer of the acid from the membrane to the electrodes during 

operation. 
To quantify the losses in the fuel cells, impedance spectra were 

recorded, and the corresponding DRT spectra were generated for the 
non-functionalized and functionalized catalysts (Fig. 5c and d). The HT- 
PEMFC shows a typical fingerprint pattern in the DRT spectrum. The 
low-frequency peak at 1 Hz can be attributed to mass transport; ORR 
processes generate two peaks in the middle frequency range (around 
10–50 Hz), and the high-frequency peaks > 1 kHz are related to anodic 
processes and proton conduction in the CL [12,14]. The frequencies 
shown are often subject to shift because of external parameters. The 
frequency values are thus a rough guideline and do not represent rigid 
numbers. However, a shift does not affect the quantification of the 
peaks. 

The resistances of the individual processes were determined from the 
DRT spectra generated. The resistances for the mass transport and the 
ORR (Fig. 6g) show different behaviors for the non-functionalized and 
functionalized catalyst. The mass transport resistance of Pt/C is rela-
tively high, whereas the ORR resistance (sum of the two peaks/re-
sistances) is comparably small. For the CL of Pt/C, it is assumed that the 
PA is not homogeneously distributed over the CL because of the small 
interaction between the PA and the hydrophobic CL. The acid distri-
bution is not homogeneous, does not cover the whole surface, and 
partially forms PA droplets, which can block the pores and the con-
nections between the pores (Fig. 6a). This results in a high oxygen 
diffusion resistance, which is visible in the DRT spectrum. 

The situation for NHx 0.2% is different, the mass transport resistance 
is reduced by a factor of two compared with the Pt/C. For the CL for Pt/ 
C-NHx 0.2 wt% N, it is supposed that a thin and homogeneous PA film 
covers the CL because of the interaction of the nitrogen groups and PA. 
The functional groups work as an anchor and bind the acid. The PA 
interacts with the N-functionalized groups on the carbon surface and 
forms drops of PA. Because of the energetically favored form, the PA 

Fig. 6. Macrostructure: Oxygen diffusion through PA in the pore structure for a) Pt/C, b) NHx 0.2%, c) NHx 0.4%. Microstructure: Oxygen diffusion through PA near 
the CL for d) Pt/C, e) NHx 0.2%, f) NHx 0.4%. g) Calculated mass transport, which displays the oxygen diffusion in the macrostructure and ORR resistance, which 
includes both the reaction resistance and oxygen diffusion in the vicinity of the catalyst (see d–f). 
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forms the smallest possible interface and therefore the drops of PA; these 
form clusters and build a PA layer over the CL, which envelopes the 
platinum particles. The thin PA film represents a low diffusion barrier 
for oxygen (Fig. 6b). 

The ORR resistance is known to be strongly influenced by phosphate 
adsorption [23]. The ORR resistance for NHx 0.2% is higher than for 
Pt/C, which is in agreement with the RDE results. We showed that the 
ORR activity decreases with NHx-functionalization because of dihy-
drogen phosphate ions, which build an ion cloud over the catalyst and 
form a barrier to the platinum. Oxygen transport close to the platinum is 
thus hindered. The temperature in an operating HT-PEMFC is different 
from the environment in which RDE experiments are conducted. Inside 
the fuel cell, concentrated acid is in contact with the active sites, and the 
temperature is 160 ◦C. However, the same phenomenon is observed, and 
the polyphosphate species interact with the N-functionalized groups and 
build a layer on the surface; this prevents the adsorption of oxygen 
(Fig. 6e). The diffusion close to the platinum surface is slower in the 
presence of the polyphosphate species. It is assumed that the poly-
phosphate species influence the adsorption and desorption processes on 
the catalyst surface and ultimately affect the ORR. In the case of Pt/C, 
the polyphosphate species are not linked to the surface and thus move 
freely; this does not result in an oxygen barrier (Fig. 6d). 

NHx 0.4% shows a higher mass transport resistance compared with 
NHx 0.2%. The NHx amount of NHx 0.4% is higher; the interaction of the 
support with the acid is therefore stronger and results in a thicker PA 
film (Fig. 6c). The mass transport increases because the diffusion barrier 
is thicker. The resistance for ORR is slightly higher than for NHx 0.2%. 
Here we assume a denser network of the polyphosphate species close to 
the catalyst surface. More NHx groups are anchored on the support 
material; these can interact with the polyphosphates and build a bridge/ 
film over the platinum particles. Oxygen transport near the surface and 
the adsorption/desorption process are thus slightly more limited 
(Fig. 6f). 

In conclusion, based on the DRT, we assume that the nitrogen groups 
build a homogeneous PA film over the CL. The amount of N-function-
alized groups influences the film thickness. The main losses can be 
attributed to oxygen transport. On the macroscopic scale, the film 

thickness of PA can block pores; this affects oxygen diffusion through the 
PA and hinders the mass transport. On the microscopic scale, the NHx 
groups result in a high local polyphosphoric-species concentration near 
the CL surface. This affects the oxygen transport near the platinum 
surface and hinders the ORR. 

Impedance spectra at various cathode stoichiometries and current 
densities were also recorded (supporting information Figs S4 and S5). 
The spectra were analyzed by DRT in order to determine the resistance 
for the mass transport and the ORR for the non-functionalized and 
functionalized cells (Fig. 7). The resistance in the high-frequency range 
is negligible (supporting information Fig. S6) and therefore not 
considered further. 

A single peak in the DRT spectrum does not always represent a single 
process just like not each RC element represents an entire process inside 
the cell. The impedance of some processes within the fuel cell can be 
interpreted only by using more complex elements. The ORR double peak 
has been identified by Weiß et al. [12]; however, it is not yet understood 
whether these two peaks can be separated and allocated to their 
respective physicochemical process inside the HT-PEMFC. Further in-
formation on the allocation of the peaks can be found in literature [12, 
14]. Further extensive experiments are being carried out. 

As expected, the mass transport resistance for Pt/C decreases with 
increasing cathode stoichiometry (Fig. 7a). The resistance above a 
stoichiometry of λair = 4 is nearly constant because the CL is still satu-
rated with oxygen. The NHx cells show the opposite behavior; the 
resistance increases with increased cathode stoichiometry. Similar to the 
NHx cells, the resistance above a stoichiometry of λair = 4 changes little 
for the commercial catalyst. Further experiments must be carried out in 
order to explain the improved mass transport at low stoichiometry. 

For all cells, the resistance for the ORR decreases with increasing 
cathode stoichiometry (Fig. 7b). However, the ORR resistance for the 
functionalized cells is much higher than for the Pt/C cell; however, at a 
stoichiometry of λair = 10, the resistance for all the cells is nearly the 
same. The high resistance for the functionalized catalyst can be attrib-
uted mainly to oxygen transport near the surface. By increasing the 
cathode stoichiometry, the oxygen concentration near the CL is higher. 
The probability that the oxygen moves through the polyphosphate 

Fig. 7. Mass transport resistance a) and ORR resis-
tance b) vs. cathode stoichiometry for Pt/C, NHx 
0.2%, and NHx 0.4%. Mass transport resistance c) 
and ORR resistance d) vs. current density for Pt/C, 
NHx 0.2%, and NHx 0.4%. Measurements were 
conducted at 160 ◦C cell temperature and ambient 
pressure. While the current density was varied, the 
stoichiometry was kept constant at air λair = 2.0 and 
H2 λH2 = 1.8. While the cathode stoichiometry was 
varied, the anode stoichiometry was kept constant 
at λH2 = 1.8.   
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barrier (Fig. 6e and f) is thus increased. In the case of Pt/C (Fig. 6d), 
there is no barrier near the surface. The oxygen is therefore not hindered 
and is mostly independent of the stoichiometry. 

Weiß et al. [12] examined the dependency of the current density on 
the distribution function. The ORR peaks in the DRT decrease with 
increasing current density. This is in agreement with our results in which 
the ORR resistance decreases for all the MEAs (Fig. 7d). The function-
alized catalysts show a high ORR resistance compared with Pt/C because 
the oxygen must overcome the polyphosphate barrier (Fig. 6e and f) in 
order to come into contact with the platinum. In the case of Pt/C, there is 
no barrier (Fig. 6d); the resistance is therefore smaller. The ORR resis-
tance of the functionalized MEAs decreases more strongly than the Pt/C 
MEA. We assume this is related to water production in the cathode. 
Water production increases with the current density, thereby changing 
the acid balance; which could affect the polyphosphate barrier close to 
the platinum. If we split the ORR into two separated resistances, the 
corresponding ORR peaks behave differently (Fig. S7). 

For Pt/C and NHx 0.2%, the mass transport decreases with increasing 
current density, whereas the resistance for NHx 0.4% increases strongly 
above 200 mA/cm2. The high amount of nitrogen groups results in a 
strong hydrophilic CL for NHx 0.4%. The water at the cathode cannot be 
removed from the surface because of the interaction with the hydro-
philic CL. The acid incorporates the water and floods and blocks the 
pores. If the current density increases, more water is formed; this re-
inforces the effect and drastically reduces the performance. This effect 
can be compared to the voltage drop-off at high current densities in 
conventional PEMFCs. In the case of the non-functionalized CL, the 
water can be easily removed because of a thinner PA film. The hydro-
phobic surface also facilitates water release. An additional peak in the 
DRT occurs under these circumstances (see supporting information 
Fig. S8); thus suggests hindered oxygen diffusion because of CL flooding. 

The flooding of the NHx 0.4% cathode was confirmed visually after 
disassembling the fuel cell. This suggests water accumulation in the PA. 
However, the increased liquid content could also be explained by the 
increased amount of PA. Because of the stronger functionalization, more 
PA interacts with the electrode surface. The electrodes take up the PA, 
which leads to flooded cells. 

4. Conclusion 

The strong interaction between N-functional groups and PA was 
shown in both RDE and full cell tests. Like conventional PEMFCs, it is 
assumed that the NHx groups form a homogeneous H3PO4 film in the CL. 
The amount of nitrogen groups is crucial to improving performance. An 
excess of NHx results in an inhomogeneous acid distribution within the 
MEA and floods the electrodes with PA. It is also assumed that these cells 
might retain the water produced at the cathodic electrode because of the 
strong interactions of NHx groups with PA. A low degree of nitrogen 
functionalization improves the performance. This can be attributed to 
the homogeneous PA distribution in the CL. The low functionalization 
improves mass transport resistance but increases the ORR resistance. 
Nevertheless, the improved mass transport dominates and results in an 
overall improvement in performance. In general, the amount of acid 
added to the cell is crucial and must be optimized when using func-
tionalized catalysts because these electrodes were shown to absorb more 
acid than the non-functionalized reference catalyst. By optimizing the 
amount of NHx and acid, the functionalized MEAs could significantly 
improve the performance. 

With the nitrogen functionalization of the catalyst, it is possible to 
manipulate the acid distribution of the HT-PEMFC. It was investigated 
using a unique measurement technique impedance spectroscopy com-
bined with the DRT analyses. 
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Calculation of the resistance in a DRT spectrum: The resistance of the single process/peak can 

be calculated as followed. The sum of all peak resistances displays the total polarization 

resistance. 

 

Figure S1| Determination of the resistance of a single DRT peak. 
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Impedance spectra after 24 h of activation: The high amount of NHx groups in case of NHx 0.7 % 

resulted in a flooding of the electrodes with PA. EIS data confirms the flooding. NHx 0.7 % shows 

a large charge transfer resistance and large mass transport resistance compared to NHx 0.4 % 

and NHx 0.2 %. 

 

Figure S2| EIS recorded at 200 mA/cm2 after 24 h of activation for different catalysts. 

Measurements were done at 160 °C cell temperature and ambient pressure under 

stoichiometry of air λair = 2.0 and H2 λH2 = 1.8. 
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Impedance spectra: The following figure shows impedance spectra at various current densities 

for the non-functionalized and the functionalized MEAs. 

 

Figure S3| Impedance spectra recorded at different current densities for a) Pt/C, b)NHx 0.2 %, 

c) NHx 0.4 %. Measurements were done at 160 °C cell temperature and ambient pressure 

under stoichiometry of air λair = 2.0 and H2 λH2 = 1.8. The MEAs comprised of the same catalyst 

for both anode and cathode with an electrode Pt loading of around 1 mgPt/cm2. 
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Impedance spectra: The following figure shows impedance spectra at various cathode 

stoichiometries for the non-functionalized and the functionalized MEAs. 

 

Figure S4| Impedance spectra recorded at different stoichiometries for a) Pt/C, b)NHx 0.2 %, 

c) NHx 0.4 %. Measurements were done at 160 °C cell temperature and ambient pressure 

under constant anode stoichiometry λH2 = 1.8. The MEAs comprised of the same catalyst for 

both anode and cathode with an electrode Pt loading of around 1 mgPt/cm2. 
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Resistance of the high frequency range in dependence of the current density: The overpotential 

at higher frequencies are assumed to include the proton transport in the CL. By variation of the 

current density, the acid balance is changing due to the water production in the cathode CL 

which affects the total resistance in the high frequency region. 

 

 

Figure S5| Resistance of the high frequency range vs. current density for Pt/C (Heraeus) 

NHx 0.2 % and NHx 0.4 %. Measurements were done at 160 °C cell temperature and ambient 

pressure under stoichiometry of air λair = 2.0 and H2 λH2 = 1.8. The MEAs comprised of the same 

catalyst for both anode and cathode with an electrode Pt loading of around 1 mgPt/cm2. 
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ORR resistance: The following figure shows that the ORR resistance separated in their single 

resistances behave differently. The second ORR peak (peak b) is nearly constant and is 

independent from catalyst, stoichiometry, and the current density. Therefore, we assume that 

the ORR resistance of this peak could be related to the phosphate adsorption which hampers 

the ORR. We assume that the first (peak a), which shows a dependency of the catalyst, 

stoichiometry, and current density, is partly attributed to the oxygen mass transport near the 

CL. Nevertheless, the peak assignment is just an assumption, further studies need to be done 

to quantify the ORR processes. 

 

Figure S6| ORR resistance peak a a) and ORR resistance b b) vs. cathode stoichiometry for 

Pt/C (Heraeus) NHx 0.2% and NHx 0.4 %. ORR resistance peak a c) and ORR resistance peak b 

d) vs. current density for Pt/C (Heraeus) NHx 0.2 % and NHx 0.4 %. Measurements were done 

at 160 °C cell temperature and ambient pressure. By variation of the current density, the 

stoichiometry kept constant at λair = 2.0 and λH2 = 1.8. By variation of the cathode 

stoichiometry, the anode stoichiometry kept constant at λH2 = 1.8. 
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DRT spectra: The DRT spectra show an additional peak occurring at ~ 100 mHz (see green peak) 

next to the mass transport peak at ~ 10 Hz, which is increasing with increased current density. 

It is assumed that this peak is related to the water flooding. 

 

 

 

Figure S7| a) DRT spectra recorded at various current densities for NHx 0.4 %. Measurements 

were done at 160 °C cell temperature and ambient pressure under stoichiometry of air λair = 2.0 

and H2 λH2 = 1.8. The MEAs comprised of the same catalyst for both anode and cathode with 

an electrode Pt loading of around 1 mgPt/cm2. 
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NMR analysis of phosphoric acid distribution in
porous fuel cell catalysts†

En Zhang,‡a Natalia Fulik,‡b Hanyue Zhang,a Nico Bevilacqua,c Roswitha Zeis, c

Fei Xu, a Eike Brunner b and Stefan Kaskel *a

Understanding the interaction of phosphoric acid and porous

electrocatalysts is of vital importance for a rational design of high

performance phosphoric acid based fuel cells on a molecular level.

We demonstrate for the first time that NMR spectroscopy can be

used for elucidating the preferred distribution sites of phosphoric

acid in various nanoporous carbons. A pore size dependent negative

chemical shift of 31P is observed, serving as a distinct signature of

pore occupation, and applied for analysing a commercial catalyst

(Pt@Vulcan) as a practical application.

Fuel cells, such as polymer electrolyte membrane (PEMFC) and
phosphoric acid fuel cells (PAFC), have attracted increasing
attention in the last decades due to their high efficiency and
environmental impact, and are currently developed for auto-
mobile, portable and stationary energy conversion devices.1–3

Hydrogen technology is regarded as an essential element for
industrial decarbonization in the future. While PAFCs are
important for stationary applications, PEMFCs play a key role
in mobile applications. Although conventional low-temperature
PEM fuel cells (LT-PEMFCs) are well investigated, a number of
technological hurdles hamper widespread commercialization.
For example, the proton conductivity of the Nafion membrane
is strongly dependent on humidity.4–6 Therefore, LT-PEMFCs
cannot operate beyond the boiling point of water. However,
increasing the operation temperature offers significant advantages,
first of all, accelerated reaction kinetics, improved CO tolerance, and
simplified water management. An operating window between
160–200 1C is achieved using polybenzimidazole-based membranes
doped with phosphoric acid. They exhibit a high proton con-
ductivity, good thermal stability, and low vapor pressure at this
temperature range.7–11 The doping level of phosphoric acid in

the membrane strongly influences the proton conductivity and
mechanical stability.12,13 Importantly, it also determines the
distribution of phosphoric acid in the catalyst layer and plays
a key role for the interface with the carbon/Pt catalyst and the
reactants, directly affecting the performance of the fuel cell.8,14

Understanding the acid distribution and migration may further
lead to reduced costs, as the platinum amount can be further
optimized.15 Although some progress has been made,15–17 a
molecular-scale insight into the acid distribution inside the
membrane and the catalyst layer is still lacking. This is a key
step to interpret the structure–performance relationships and
design more efficient catalysts.

In this communication, the phosphoric acid distribution in
the carbon-based catalyst layer is analyzed by advanced NMR
technology. NMR spectroscopy is recently gaining more and
more attention in the field of electrochemistry.18 It is a power-
ful tool to understand the charging mechanisms of energy
storage devices such as batteries or supercapacitors.19–21 The
interaction between electrolytes and electrode materials can be
well characterized since NMR spectroscopy is highly sensitive to
the local environment, providing qualitative and quantitative
information about the investigated species. It is also possible to
selectively monitor cations and anions.22–25 Due to the delocalized
aromatic ring electron systems in carbon materials, the so-called
ring current effect leads to a negative chemical shift.26–29 This
allows the individual detection of electrolyte ions within the
electrode pores vs. ions in the surrounding bulk electrolyte as well
as their exchange rate. In the following we reveal important
information on pore accessibility as well as the distribution
of the phosphoric acid in porous electrocatalysts.30 To get a
comprehensive understanding, we compare various model
carbons and a commercial catalyst in contact with 85% phos-
phoric acid as electrolyte.

The model carbons representative of microporous carbon
(Cmicro), mesoporous carbon (Cmeso) and activated carbon
YP50F with a broad pore size distribution (Cbroad) were char-
acterized by N2 physisorption. The textural properties are
shown in Fig. S1 and Table S1 (ESI†). The materials were
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immersed in various defined amounts of phosphoric acid, up
to 1.5 times the specific pore volume (PV) derived from N2

physisorption. Typically, for 1.0 PV equivalents of 85% phos-
phoric acid, only one signal at negative chemical shift is
observed in the 31P magic angle spinning (MAS) NMR spectra of
all carbon materials (Fig. 1). The signal is located at approximately
�5.2 ppm for Cmeso, at �6.5 ppm for Cbroad and �8.1 ppm for
Cmicro. In comparison, the chemical shift of pure 85% phosphoric
acid is 0 ppm.31 The difference in chemical shift between free and
pore-confined (adsorbed) phosphoric acid is caused by the afore-
mentioned ring current effect, which causes a secondary field
shielding the samples from the external magnetic field. As a result,
the confined species have a lower chemical shift in comparison to
free molecules. The magnitude of the ring current is dependent on
the distance between the respective nucleus and the pore wall
but independent of the detected nucleus at the ppm scale
(nucleus independent chemical shift, NICS). Since the adsorbed
molecules move rapidly through the pores, an average chemical
shift is observed provided that the different pores are well
interconnected.20,23,24 The size of the observed negative shift
thus depends on the pore size and the surface chemistry of carbon
materials.20,30 In materials with the smallest micropores, the
absolute value of the negative shift is the largest (as observed in
Cmicro). It decreases in magnitude with an increasing pore size (as
observed in Cmeso). It should also be mentioned that the presence
of only one signal with a negative chemical shift indicates the
complete adsorption of phosphoric acid inside pores.

In the next step, the effect of phosphoric acid loading level
on its distribution was studied. Activated carbon Cbroad was
loaded with a defined amount of phosphoric acid corres-
ponding to 0.5 PV, 1.0 PV and 1.5 PV. The samples were studied
by 31P and 1H NMR spectroscopy (Fig. 2). 31P NMR spectra again
exhibit only one signal at a negative chemical shift, indicating
that the entire amount of phosphoric acid penetrates the pores
even for an excessive loading of 1.5 PV. Possible reason is that
PV only refers to the volume derived from gas physisorption. At
low loading (0.5 PV), the signal is located at �6 ppm. With
increasing loading, the signal becomes narrower and shifts to
an even more negative chemical shift of �6.5 ppm. At an excess
of phosphoric acid (1.5 PV), only one signal at �6.5 ppm is

observed. The more negative chemical shift is due to the
reduced average distance between the carbon pore wall and
phosphoric acid. A possible reason is that the phosphoric
acid does not fully penetrate the micropores at low loading.
However, the increasing loading facilitates the penetration and
more phosphoric acid penetrates inside pores, giving rise to the
increasingly negative chemical shift. Fundamentally different
behavior is found in the 1H MAS NMR spectra (Fig. 2a). A single
signal at a positive chemical shift close to the bulk value is
observed. At low loading (0.5 PV), the signal occurs at 5 ppm.
That means, the pore walls are preferentially occupied by
phosphoric acid molecules and adsorbed water is located in
the center of the pores where the ring current effect is small. At
1.0 PV, the signal is broader. The main signal shifts to approxi-
mately 5.4 ppm with a shoulder at a slightly smaller chemical
shift. This shows that the amount of water in the bulk increases.
The presence of the shoulder may indicate somewhat slower
exchange between adsorbed and bulk species. At an excess of
phosphoric acid (1.5 PV), there is still only one peak at 5.4 ppm
but the shoulder disappears. Noteworthily, the proton signal of
pure 85% phosphoric acid also centers at 5.43 ppm (measured
by liquid-state 1H NMR spectroscopy, see Fig. S4 in the ESI†).
This matches well with the chemical shift found at 5.4 ppm
indicating the proton species are mainly outside pores. Due to
this further increased amount of water in the bulk, the exchange
processes are then increasingly fast. Phosphoric acid (pKa =
2.16) in the presence of water dissociates at low pH as follows:

H3PO4 + H2O " H3O+ + H2PO4
�

Fig. 1 31P MAS NMR spectra for model carbons loaded with 1.0 pore
volume of 85% phosphoric acid.

Fig. 2 MAS NMR spectra of Cbroad loaded with 85%-phosphoric acid (a)
1H NMR and (b) 31P NMR spectra for various loadings.
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that means non-dissociated phosphoric acid predominates in
this equilibrium. As proven by the 31P MAS NMR spectra, the
phosphoric acid tends to penetrate the pores, since there is no
signal of bulk phosphoric acid around 0 ppm. In contrast,
water molecules stay preferably outside the pores due to the
weak interaction between carbon and water. There is also no
significant negative chemical shift of the proton signal. Only
small amounts of water penetrate the pores giving rise to the
slightly lower 1H chemical shift observed for lower loading.
However, free and adsorbed water molecules are indistinguish-
able because of the fast exchange between these two states and
because of the high proton mobility for dissociated phosphoric
acid molecules leading to the high conductivity of 85% phos-
phoric acid.32 Even for the sample loaded with 1.5 PV, it is
concluded that the phosphoric acid fully penetrates the pore
system whereas water is separated from it and remains pre-
dominantly outside the pores. A schematic description can be
found in Fig. 3 and Fig. S3 (ESI†).

A prototypical industrial catalyst system Pt@Vulcan was also
investigated. Vulcan carbon black has a broad pore size distribution.
It is frequently used as support for metal catalysts in fuel cells
because of the high active surface area and electrical conductivity.
The phosphoric acid distribution inside this material was studied by
loading with different amounts of 85% phosphoric acid, from 0.1 to
1.0 PV.

Again, only one signal at negative chemical shift is observed
for the entire range of loading in 31P NMR spectra (Fig. 4). As
discussed above, this indicates that all phosphoric acid molecules
are adsorbed inside pores. At 0.1 PV, phosphoric acid molecules
occupy the smallest micropores of the material and are strongly
immobilized there. This causes a broad peak ranging from
approximately 0 ppm to �5 ppm. At higher loading (0.2 PV), the
adsorption in small micropores is completed and some amount of
acid starts to fill the larger micropores and eventually mesopores.
The molecules can exchange between the different types of pores
freely, causing significant narrowing and appearance of only one
averaged signal. Further increase of the loading also enhances this
effect. The signal is narrower and shifted to�2 ppm. Such a small
difference between free phosphoric acid (0 ppm) and adsorbed

acid (�2 ppm) confirms the dominant wetting of mesopores inside
the Vulcan carbon black (Fig. S2, ESI†).

A fundamental understanding of the carbon/phosphoric
acid interaction in the catalyst layer of fuel cells is obtained
by NMR spectroscopy. NMR spectroscopy can well distinguish
whether H3PO4 locates inside or outside the pores of carbon
materials, as derived from model carbons representative for
microporous, mesoporous, and activated carbon. In-pore species
show a negative chemical shift of the 31P signal due to the ring
current effect. The chemical shift is distinctive of the size of the
pores entrapping the acid. The general trend is that smaller pores
give rise to a more negative chemical shift. This technique gives
insights into the distribution of H3PO4 in a real catalyst system
(Pt@Vulcan) as well. Even without external potential, H3PO4 is
already adsorbed in pores. By using varying amounts of acid, we
find micropores to be the preferred adsorption sites. With
increasing loading, larger micropores and mesopores are filled
successively. These observations are important for the rational
design of effective carbon-based catalyst support materials and
for balancing high catalyst performance and rapid mass trans-
port in hierarchical membrane architectures in future.
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Materials. Novoloid based active carbon fiber (Cmicro) was provided by Kynol Europe GmbH. YP50F (Cbroad) is coconut-
based activated carbon from Kuraray. Phosphoric acid was bought from Grüssing GmbH. The Pt@Vulcan sample was 
obtained by scratching off a spray-coated commercial Vulcan XC-72-based electrocatalyst layer (20wt% Pt, Quintech) 
from the gas diffusion layer. Mesoporous carbon Cmeso was prepared by a hard-templating method. Firstly, 2.0 g of SBA-
15 was infiltrated with a mixture of 2.1 ml of SMP-10 and 0.5 ml of p-divinylbenzene. Thereafter, the sample was car-
bonized under Ar in a horizontal tubular quartz furnace at 800 oC with a heating rate of 60 oC h-1 for 2 h. The silica 
template was washed out with hydrofluoric acid for 24 h and the obtained materials were washed with water and 
ethanol several times. Thereafter the obtained material was chlorinated at 900 oC in a tubular quartz furnace with a 
heating rate of 450 oC h-1 under a mixed Ar-Cl2 gas mixture (80 ml Ar min-1 and 70 ml Cl2 min-1) for 3 hours. Subsequently 
the furnace was cooled down to 600 oC with subsequent H2 reduction for another 1 h to remove the adsorbed Cl2.  
 
Characterization. Nitrogen physisorption was conducted at 77 K on a Quadrasorb and a BELSORP instrument. The 
Brunauer-Emmett-Teller (BET) method was used to quantify the specific surface area based on adsorption data in a 
relative pressure range 0.05 < P/P0 < 0.20 and the total pore volume and the pore size distribution were calculated 
applying quenched solid density functional theory (QSDFT). For microporous carbon, slit pores were modelled and for 
mesoporous carbon slit/cylindrical pores were modelled using the equilibrium branches of the isotherms. The samples 
were activated at 150 °C overnight prior to the measurement.  
 
NMR measurements. Carbon materials were loaded with 85% phosphoric acid by the incipient wetness method. The 
volume of added acid was calculated to exactly fit varying degrees of pore filling for investigating the exchange between 
free and adsorbed states. Solid state 1H and 31P NMR spectra were acquired on a Bruker AVANCE 300 spectrometer 
using 2.5 mm double resonance (1H, X) MAS NMR probe head. The 1H was referenced relative to tetramethylsilane 
(TMS). For experiments, 90˚ single pulse excitation and HPDEC pulse program was applied with 3.1 µs pulse length and 
3 s. For each sample, 8 scans were acquired. The 31P spectra were referenced relative to phosphoric acid and TMS, 
respectively. The experiments were performed with 90˚ single pulse excitation with 3.5 µs pulse length and 40 s recy-
cling delay. For all samples, 128 spectra were recorded. The spinning rate was 16 kHz for al samples. During measure-
ments, SPINAL64 1H decoupling was used. 
 
 
Table S1. The porosity of the measured carbon materials. 

Carbon Specific pore volume 
cm3 g-1 

Surface area 
m2 g-1 

Peak pore size nm 

Cbroad 0.74 1624 0.91/3.3 

Cmicro 0.36 806 0.87 

Cmeso 1.82 3029 0.95/4.8 

Vulcan 0.37 220 broad 

Pt@Vulcan 0.32 184 broad 
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Figure S1. N2 physisorption of model carbons at 77 K and the corresponding pore size distribution. 

 

 

Figure S2. N2 physisorption of model carbons at 77 K and the corresponding pore size distribution. 

 

 

 

Figure S3. The schematic illustration of phosphoric acid adsorption inside porous carbons. 
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Figure S4. Liquid-state 1H and 31P NMR spectra of pure bulk 85% phosphoric acid. 
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5 Conclusions

The findings of this doctoral thesis can be divided into four objectives, as outlined below. Two

of these objectives are related to the HT-PEMFC and two are related to the VRFB.

The first key result of this thesis was to investigate the MPL in an HT-PEMFC concerning

the phosphoric acid household. A combination of modeling and operando X-ray visualization

techniques allowed for a detailed view of the acid distribution within the HT-PEMFC GDE.

A crack-free CL and MPL were found to be beneficial in retaining the acid inside the MEA.

PNM confirmed that the MPL constitutes a barrier for phosphoric acid transport. Connected

cracks were shown to be the primary transport way and can cause undesired acid leaching into

the GDL. These results are valuable for manufacturing HT-PEMFC GDEs and improving the

lifetime of the cells.

The second aim of this thesis was to improve the understanding of the novel DRT method

for the application in HT-PEMFCs. Building on a previous publication of Weiß et al.196 , the

goal was to separate the anode signal from the cathode signal in a sophisticated reference

electrode setup. This method showed how anode and cathode correlate in the EIS. With the

DRT analysis, the influence of carbon monoxide on the electrodes was resolved. DRT was also

applied to other types of catalysts and was shown to be a vital tool in resolving the benefits

and limitations of each catalyst type, especially when linked to morphology studies. Coupling

the pore size analysis with the DRT could explain the differences in conditioning and reactant

transport. Conditioning was accelerated for larger average pore sizes of the carbon support

and resolving the mass transport using DRT showed that oxygen diffusion was enhanced.

Furthermore, a novel Fe-N-C catalyst, which was investigated in an HT-PEMFC only once

before97 , was analyzed using DRT and it was found that it is limited more by its mass transport

than its activity toward the ORR. This issue is attributed to the impact of the pore structure

in the nanometer scale. To the author’s knowledge, this has been the first study to link the

morphology of HT-PEMFC catalysts to the DRT spectrum. Moreover, the DRT was applied to

electrospun carbon fiber-based catalysts and phosphoric acid was shown to flood the electrode

in this configuration. Lastly, the DRT method resolved how the phosphoric acid household

could be influenced by functionalizing the carbon support surface with nitrogen functionalized

groups. Flooding can be prevented at the expense of a stronger co-adsorption of phosphate

anions on the catalyst. This thesis shows how flooding impacts the DRT spectrum and how it

can be interpreted. It paves the way for widespread application of the still novel DRT analysis

and facilitates the interpretation of EIS features of other systems.
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The third objective of this thesis was to understand the wetting behavior of vanadium elec-

trolyte in porous carbon electrodes for VRFBs using modeling approaches as well as synchrotron

X-ray visualization. Two setups were employed in this thesis. The first setup is an ex situ

device that can highlight the importance of thermal surface activation, the characteristics of

the flow behavior, the presence of trapped air bubbles and it enables the quantification of the

saturation of porous electrodes partially filled with electrolyte. However, no electrochemical

control was possible and thus, a novel operando VRFB design tailored specifically for X-ray

visualization has been proposed. This novel cell design excels in flexibility and the possibility

of full electrochemical control. Each component is exchangeable and the external parameters

such as the thickness of the electrodes, the flow field and the flow rate can be flexibly adjusted.

This setup was applied to investigate the saturation and wetting behavior of electrolyte in com-

mercial carbon felt electrodes under electrochemical control. The impact of electrowetting can

be traced using this cell setup and it is possible to capture undesired side reactions, which

develop gaseous products, such as the HER or the carbon corrosion. Further, the impact of

the flow field structure under varying electrolyte flux was investigated and it was found that

the absence of flow channels can achieve high saturation at low flux.

The fourth objective set for this thesis was to apply modeling techniques to complement

the visualization and pore space characterization. The simulated flow pattern obtained by

PNM was compared to the results of synchrotron X-ray visualization experiments and a good

agreement was found between both results, which validates PNM for this system. PNM could

successfully explain the performance difference between ex situ RDE experiments and battery

cell tests. Further, this thesis provides detailed pore structure analyses to highlight the impact

of compression on the flow behavior of electrolyte. Modeling the flow in various commercial

and non-commercial electrodes reveals that a significant trade-off is present in all materials,

which needs to be addressed when optimizing a cell setup to reach the highest overall system

efficiency. This task has been confirmed by the application of a more sophisticated lattice

Boltzmann study. Compression plays a significant role in this trade-off, as the largest pores in

a carbon felt electrode collapse first when it is compressed. This effect forces the electrolyte to

flow through smaller pores with a higher flow resistance, which leads to lower system efficiency.

In contrast, the electrical conductivity is low when the electrode is not compressed enough, as

both the fiber-to-fiber contact and the felt-to-flow field contact is not ideal. An optimum level

of compression needs to be found to keep the flow resistance small while maintaining good

electrical contact. This conclusion not only proves the value of modeling for complementing

visualization experiments, it also highlights the efficacy of the computationally cheap PNM

method to predict the flow characteristics in porous carbon felt electrodes for VRFBs.
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6 Future Work

As science is never at an end, the possibilities of future work on the topics of this thesis are

discussed in this chapter.

The main limiting factor why HT-PEMFCs did not yet reach widespread commercialization

lies in the cost of the system. An obvious step would be to invest more effort in researching

platinum group metal-free catalysts, such as the Fe-N-C catalyst investigated in this study.

As the catalytic activity was not found to be the limiting factor, the morphology needs to

be addressed. This can be achieved by altering the structure of the sacrificial support, which

defines the resulting structure during synthesis, to create larger diffusion channels for enhanced

oxygen diffusion and phosphoric acid distribution.

This thesis also highlights that a thick, crack-free MPL is beneficial for the operation of an

HT-PEMFC. Due to the high thickness, the MPL alone might provide enough mechanical

stability to render the GDL obsolete. The absence of a GDL can improve especially oxygen

transport to the CL and reduce costs. The behavior can be validated with the DRT method and

the diffusion processes can be simulated using PNM. A unique benefit is that the electrolyte

distribution in a carbon fiber-based electrode can be visualized using X-ray-based techniques.

As the amount of phosphoric acid is critical to the distribution in these electrode systems, a

more controlled way of introducing the acid needs to be developed. For instance, membrane

types developed by Advent Technologies can be employed, as they exhibit less excess acid on

their surface. These materials might prevent flooding of the CL upon assembly. A gravimetric

control helps to introduce the optimum amount of acid into the system.

The last outlook concerning the HT-PEMFC contains the morphology of electrospun electrodes

and surface-enhanced electrodes. This thesis shows the potential benefit of these approaches.

The electrospun electrode exhibits a pore structure which is assumed to be highly beneficial

for the distribution of phosphoric acid and the diffusion of oxygen. Even the non-optimized

electrode achieved a higher platinum efficiency (power density over platinum content). In

future experiments, the hydrophilicity of the carbon fibers and the amount of phosphoric acid

in this system could be adjusted to this morphology. Coupled with the functionalization of

surface groups on carbon materials, a thin film of phosphoric acid could be created around

the fibrous electrode. With this approach, open diffusion pathways for the reactant gases

could make the reactive center more accessible without the risk of flooding the catalyst.

Characterization of these cells can be accomplished using DRT, and the larger pore structure

even enables X-ray visualization techniques to trace the phosphoric acid distribution.
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Concerning the VRFB, the possibilities of electrolyte additives as well as new materials can be

explored with the novel cell design proposed in this thesis. Both components can be tailored

to optimize the contact angle to create a large interface between the electrolyte and the

electrodes. The viscosity of the electrolyte needs to be decreased, which can be achieved by

adding tensides and the surface properties of the electrodes can be adjusted with an optimized

thermal activation procedure.

As the VRFB is a green energy storage device, the search for renewable components which

can be employed in the VRFB seems to be fitting. The natural porous channel structure of

the fast-growing bamboo plant could be used advantageously. A hierarchical flow channel

structure is present in the plant, which could decrease the pressure drop and facilitate species

transport inside this new material, which only needs to be graphitized before it is ready for

application in a VRFB.

Additionally, the proposed cell design can be applied to investigate the flow behavior through-

out the electrode inside the cell to a greater extent. The differences between the electrochem-

ical behavior close to the walls of the sample holder and the membrane can be investigated.

Besides, the uneven compression of the rib and channel structure of the flow fields is expected

to impact the reactant transport. This has not yet been experimentally studied in detail and

is all in the range of possibilities for this novel cell design.

Lastly, the amount of data produced at a synchrotron is enormous and the automation of the

data analysis can significantly improve the efficiency at which information can be extracted.

Smart machine learning algorithms can be developed from high-throughput synchrotron exper-

iments to improve the recognition of systematic influences of parameters on the flow behavior.

In general, the research in the field of HT-PEMFCs and VRFBs accelerated tremendously over

the past decades. It led to the realization of a range of seminal pilot projects yielding vital

insight into the remaining challenges for a widespread installation and commercialization of

these systems. A systematic approach using the combination of engineers and natural scientists

is the most efficient way to develop an encompassing view over the progress in the research

community, to realize open questions and to develop a promising way to tackle the remaining

issues.

This thesis takes one of the many essential steps forward on the way to develop green energy

storage and energy conversion devices, hoping to accelerate the transition to a sustainable

energy grid ever so slightly. If this way is walked together with other enthusiastic scientists

who share this vision and whom each takes one small step, everyone’s progress will add up

and become palpable in the near future.
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Glossary

B Glossary

µ-CT Micro-computed tomography

BET Brunauer-Emmett-Teller

CHP Combined heat and power

CL Catalyst layer

DRT Distribution of relaxation times

ECSA Electrochemically active surface area

EIS Electrochemical impedance spectroscopy

FF Flow field

FIB-SEM Focused ion beam scanning electron microscopy

GDE Gas diffusion electrode

GDL Gas diffusion layer

HOR Hydrogen oxidation reaction

HT-PEMFC High-temperature polymer electrolyte membrane fuel cell

MEA Membrane electrode assembly

MPL Microporous layer

NMR Nuclear magnetic resonance

OCV Open-circuit voltage

ORR Oxygen reduction reaction

PBI Polybenzimidazole

PEMFC Polymer electrolyte membrane fuel cell

PNM Pore network model

PTFE Polytetrafluoroethylene

RC Resistor-capacitor

REV Representative elementary volume
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Glossary

RFB Redox flow battery

SEM Scanning electron microscopy

SPEEK Sulfonated polyether ether ketone

VRFB Vanadium redox flow battery

XPS X-ray photoelectron spectroscopy
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