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Abstract

Abstract

The long-term durability of proton exchange membrane fuel cells (PEMFCs) remains

a major challenge for automotive and heavy-duty applications. In this context, this

PhD thesis aims to further our understanding of the activity, selectivity, and durabil-

ity of commercial and novel catalyst materials by employing various electrochemical

characterization methods. Thus, this work will cover three main topics: appropriate

measurement techniques, novel catalyst concepts, and cathode degradation.

First, the two most commonly used techniques for the investigation of PEMFC cat-

alysts, namely the rotating disk electrode (RDE) and the membrane electrode as-

sembly (MEA) setup, are discussed regarding their capabilities and limitations for the

application-relevant characterization of catalyst materials. Here, appropriate measure-

ment protocols for the characterization of low-loaded electrodes and the investigation

of the hydrogen oxidation and evolution reaction mechanism are established.

Then, novel catalyst concepts based on metal oxide support materials are explored,

whereby in a first study, a method to reduce oxide thin films is investigated. Subse-

quently, the effect of a strong metal-support interaction (SMSI) on the surface oxide

formation and the hydrogen oxidation activity of platinum group metals is scruti-

nized. Hereby, Pt/TiOx/C is found to be selective for the hydrogen oxidation reaction

(HOR) while the oxygen reduction reaction (ORR) is suppressed. Furthermore, for a

Ru/TiOx/C catalyst, it could be shown for the first time that SMSI effects can stabi-

lize the HOR activity of ruthenium at potentials above 0.1V.

Finally, the durability of the cathode catalyst layer is investigated in two studies

that focus on the implementation of the HOR-selective anode catalyst as a mitigation

strategy for start-up/shut-down (SUSD) induced cathode degradation and on the cor-

relation between the cathode roughness factor (rf ) and the H2/air performance during

voltage cycling based accelerated stress tests (ASTs).
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Kurzzusammenfassung

Kurzzusammenfassung

Die erfolgreiche Anwendung von Protonenaustauschmembran-Brennstoffzellen im Au-

tomobilbereich ist aktuell noch immer durch deren begrenzte Lebensdauer stark einge-

schränkt. In diesem Zusammenhang, befasst sich diese Doktorarbeit mit der Aktivität,

Selektivität und Stabilität von kommerziellen und neu entwickelten Katalysatormate-

rialien unter Verwendung verschiedener elektrochemischer Charakterisierungsmetho-

den. Der Schwerpunkt der Arbeit liegt daher auf den folgenden drei Themengebieten:

Die Erarbeitung geeigneter Messmethoden, die Entwicklung neuer Katalysatorkonzep-

te und die Untersuchung der Kathodendegradation.

Deshalb werden zuerst die Vor- und Nachteile der beiden am häufigsten für die Ana-

lyse von Brennstoffzellenkatalysatoren verwendeten Versuchsaufbauten, die rotieren-

de Scheibenelektrode (RDE) und die Membran-Elektrodeneinheit (MEA), verglichen.

Zusätzlich werden Protokolle sowohl für die Untersuchung von anwendungsrelevanten,

niedrigbeladenen Elektroden als auch des Reaktionsmechanismus der Wasserstoffoxi-

dation und -entwicklung etabliert.

Anschließend werden neue Katalysatorkonzepte auf der Basis oxidischer Trägermateria-

lien betrachtet, wobei in einer ersten Studie die Reduktion von oxidischen Dünnschich-

ten mittels des Polyolprozesses erforscht wird. In weiteren Studien wird die star-

ke Wechselwirkung zwischen oxidischen Trägermaterialien und Platingruppenmetall-

Nanopartikeln untersucht, wobei eine Modifikation der Oberflächenoxidation von Pt

und Ru zu Änderungen im Wasserstoffoxidationsverhalten führt. Für TiOx-geträgertes

Platin (x ≤ 2) wird eine bisher weitestgehend unbekannte Selektivität für die Was-

serstoffoxidation (im Vergleich zur Sauerstoffreduktion) beobachtet, wohingegen für

Ruthenium erstmals eine Wasserstoffoxidationsaktivität oberhalb von 0,1V gezeigt

werden kann.

Abschließend wird in zwei Studien die Degradation des Kathodenkatalysators un-

tersucht. Zum einen wird dabei das schadensminimierende Potenzial des selektiven

Pt/TiOx/C Katalysators im Falle von Start/Stop-induzierter Kohlekorrosion auf der

Kathode untersucht. Zum anderen wird eine allgemeingültige Korrelation zwischen

dem Potenzialzyklen-induzierten Verlust aktiver Platinoberfläche und der Leistungsfä-

higkeit der H2/Luft-Brennstoffzelle etabliert.
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1. Introduction

While the COVID-19 crisis and the resulting economic standstill has led to a short-

term reduction in greenhouse gas emissions, climate change remains one of the defining

issues of the 21st century.1–6 The required transition to carbon-neutral power pro-

duction will require more efficient ways of transporting and storing energy due to the

strong regional differences in the availability of hydro/tidal power and geothermal,

wind, and solar energy sources as well as short-term and seasonal fluctuations in the

availability of the latter two. Here, hydrogen will play a crucial role as chemical energy

storage medium.7 In this context, the key technologies are the electrochemical gen-

eration and conversion of hydrogen according to eq. 1.1. Water electrolyzers generate

”green” hydrogen from non-carbon emitting energy sources, while fuel cells convert

the chemical energy of hydrogen back into electricity, thereby powering stationary and

mobile applications.

2H2O ⇌ 2H2 +O2 (1.1)

Depending on the application, several types of fuel cells are employed. These include

solid oxide fuel cells (SOFCs) that operate at high temperatures (≫ 500 °C). SOFCs

offer a compact design and have the advantage to be tolerant towards reformate gas.

In addition, they are able to operate with a wide range of hydrocarbon fuels, and their

high-quality waste heat can be used for district heating. However, due to the high oper-

ating temperatures, slow start-up and limited operational flexibility, SOFCs are mostly

limited to stationary applications, like in combined cycle power plants or for power

and heat generation in residential areas.8 At low temperatures (< 120 °C), fuel cell

systems have been developed using either acidic or alkaline electrolytes.9 In alkaline

environment, the most advanced technology is based on anion exchange membrane fuel

cells (AEMFCs).9 The benefit of operating at high pH is that the increased stability of

non-noble metals enables the use of non-platinum group metal (non-PGM) catalysts

for the oxygen reduction reaction (ORR), which are significantly more cost-effective in

comparison to the PGM-based catalysts required in acidic environment. However, this

advantage is mostly theoretical, since the sluggish hydrogen evolution reaction (HER)
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1. Introduction

and hydrogen oxidation reaction (HOR) kinetics require substantially larger amounts

of platinum for the anode catalyst layer in the alkaline environment.10,11 Most impor-

tantly, the limited ionomer/membrane durability and the vulnerability to CO2 in the

gas feed pose major challenges for AEMFC systems that to date limit their technical

feasibility.12,13 For mobile applications, the most promising fuel cell technology are

low temperature proton exchange membrane fuel cells (PEMFCs) that have proven

their market readiness by the introduction of several fuel cell electric vehicles (FCEVs)

over the last decade.9,14–16

In the following, a short overview of the working principle, the used materials, and

the remaining performance and durability issues of state-of-the-art PEMFCs, with a

focus on the used catalyst materials, will be given in Section 1.1. Then, the two most

commonly used techniques for the assessment of PEMFC catalysts will be compared

with respect to their limitations in the evaluation of PGM-based electrocatalysts (Sec-

tion 1.2), followed by an introduction to the effect of metal oxide supports on the

electrochemical properties of noble metal catalysts, which is essential for the catalyst

concepts presented later on (Section 1.3). The final part of the introduction will pro-

vide the reader with an outline of this thesis (Section 1.4).

1.1. Proton Exchange Membrane Fuel Cell (PEMFC)

In a PEMFC, the chemical energy stored in H2 and O2 is converted to electrical energy

and heat, whereby water is produced according to eq. 1.2.

2H2 +O2 −→ 2H2O (1.2)

Hereby, the overall reaction can be divided into two half-cell reactions, namely the

hydrogen oxidation reaction (HOR, eq. 1.3) and the oxygen reduction reaction (ORR,

eq. 1.4) which take place at the anode and the cathode, respectively. In order to enable

a utilization of these half-cell reactions, the compartments are separated by a proton

exchange membrane.

2H2 −→ 4H+ + 4 e– (1.3)

O2 + 4H+ + 4 e– −→ 2H2O (1.4)

2



1.1. Proton Exchange Membrane Fuel Cell (PEMFC)

As the name suggests, the proton can migrate through the proton exchange membrane

from the anode to the cathode, while the electron has to travel through an external cir-

cuit where the resulting electrical power can be utilized. This smallest electrochemical

unit consisting of anode, membrane, and cathode is called a catalyst coated membrane

(CCM) or 3-layer membrane electrode assembly (MEA). The CCM is sandwiched be-

tween two gas diffusion layers (GDLs), resulting in a 5-layer MEA.

In a fuel cell stack, the 5-layer MEA is then sealed between two bipolar plates (BPP)

that typically feature the flow field (FF) of the anode on one side and of the cathode

on the other side, leading to a series connection of the individual cells in a stack. For

cooling, a coolant channel runs within the BPP, so that each cell is cooled individu-

ally. The endplates that face the outermost cells in the stack and therefore exhibit

the FF only on one side, are used as current collectors. Furthermore, they are used

to mechanically stabilize the stack, whereby an electrical short of the stack must be

prevented. This can be achieved either by using a non-conducting material to connect

the endplates, or by using an insulating layer that separates the current collectors from

a metallic housing. A single-cell setup, as it was used throughout this thesis, consists

only of the endplates that include the heaters, the pressure leveling/insulation layers,

a set of current collectors, the two FFs, the gaskets, and the 5-layer MEA (see fig. 1.1).

The role of the FFs is to distribute the gaseous reactants over the cell active area via

channels. As the individual channels are separated by the so-called land area (with a

width of ≈ 0.5mm) that is required as contact area for electrical and heat conduction,

the FFs cannot achieve a homogeneous distribution of the reactants to the electrode

on a (sub-)micrometer-scale. Thus, the role of the GDL is to provide for a homoge-

neous distribution of the gaseous reactants to the electrode, for a good conduction

of electrons, for efficient heat transfer, and for the removal of product water. It is

therefore essential that the GDL has a high structural integrity to maintain its poros-

ity and to enable efficient gas phase transport, while at the same time it must have

a high electrical and a sufficient thermal conductivity. State-of-the-art GDLs consist

of a highly porous carbon fiber substrate with a hydrophobic polytetrafluoroethylene

(PTFE) coating as binder. To assist with the water management and to reduce elec-

trical contact resistances, an electrode-facing microporous layer (MPL) consisting of

PTFE-bonded carbon black is often coated on the GDL substrate.

3



1. Introduction

Figure 1.1. Components and assembly of the 5 cm2 active area PEMFC hardware that was used
throughout this thesis for the characterization of PEMFC single-cells.
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1.1. Proton Exchange Membrane Fuel Cell (PEMFC)

Since the focus of this thesis lies on the investigation of PEMFC catalysts using mea-

surements in a liquid electrolyte based half-cell setup and in small active area (5 cm2)

single-cells under differential flow conditions (i.e., with stoichiometries ≥ 10 that en-

able operation under effectively gradient-free conditions but with high pressure drops

of ≈ 20 kPa), the following sections will focus exclusively on the materials, perfor-

mance, and durability of the 3-layer MEA component of a PEMFC stack.

1.1.1. 3-Layer Membrane Electrode Assembly (MEA)

Ideally, the membrane should be electrically insulating and impermeable to gases while

maintaining a high proton conductivity and structural integrity. In state-of-the-art

PEMFCs, the membranes consist of a perfluorinated ionomer and a reinforcement

layer, e.g., expanded PTFE (see bright stripe in the middle of fig. 1.2), that provides

the structural stability required for extremely thin membranes with a thickness of

≈ 8 – 20 μm.17–19 The ionomer used in state-of-the-art PEMFCs is an ion conduct-

ing polymer with a hydrophobic backbone based on polytetrafluoroethylene (PTFE)

and side chains that include immobilized perfluorosulfonic acid end groups.17 In the

presence of water, the hydrophilic sulfonic acid groups dissociate and create a highly

acidic medium that enables facile proton transport through the well-known Grotthuss

mechanism. Thus, the conductivity of the ionomer is heavily affected by its water

uptake λ in molH2Omol–1SO3
– that is a function of the relative humidity (RH ) of the

gas phase in contact with the membrane.

Figure 1.2. Cross-sectional image of a symmetrical MEA with anode and cathode loadings of
0.1mgPt cm

–2
MEA coated on a reinforced 15 μm thick PFSA membrane. The image was taken by

scanning electron microscopy (SEM) at 10 kV and a magnification of 1,600x.

For the electrochemical reactions within the electrodes, electrons, protons, and the
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1. Introduction

respective gas (O2 or H2) have to be simultaneously present at the active site(s) of the

catalyst (so-called triple-phase interface). Thus, the ORR and the HOR take place

on the surface of Pt (or Pt-alloy) nanoparticles that are most commonly supported

on a high-structure carbon black material (resulting in a highly porous catalyst layer)

with a high electrical conductivity, enabling sufficient gas and electron transport to the

active site. The size of the nanoparticles is adjusted to ≈ 2 – 5 nm to achieve a high

surface area to mass ratio, i.e., a high electrochemically accessible surface area (ECSA

in m2 g–1Pt). The high porosity of the carbon support with a void volume fraction of

≈ 80%20 (not considering the ionomer filled fraction) enables gas transport to the

catalyst and the removal of product water to avoid flooding. The proton transport to

the catalyst is achieved by a thin layer of ionomer on the catalyst surface. To achieve

sufficient proton transport throughout the electrode, the ionomer-to-carbon (I/C) ratio

is adjusted to ≈ 0.6 – 1 gI g
–1
C (depending on the ionomer type and the internal porosity

of the carbon material), which results in the ionomer filling ≈ 10 – 20%20 of the

aforementioned void volume in the dry state and up to double of that volume in fully

humidified conditions, depending also on the equivalent weight (EW, in gImol–1SO3
–)

of the ionomer.21 Even though the ionomer structure is similar for the ≈ 8 – 20 μm

thick membrane, where gas transport from one to the other side is limited, O2 and H2

supply to the active site(s) of the catalyst is possible through the very thin ionomer

film (< 10 nm) that is believed to cover the Pt nanoparticles.22–24

1.1.2. H2/Air Performance

The thermodynamic equilibrium potential of the fuel cell reaction (eq. 1.2) can be

calculated according to the Nernst equation (eq. 1.5) for the two individual half-cell

reactions (eq. 1.3 and eq. 1.4). Here, Erev is the thermodynamic cell potential at

the operating conditions, E0 is the equilibrium potential of the individual reactions

at standard conditions (25 °C, 101.3 kPa gas partial pressure, and liquid water), R

is the ideal gas constant (8.314 Jmol–1K–1), T is the temperature (in K), n is the

number of transferred electrons (4 according to eq. 1.2), F is the Faraday constant

(96485.3A smol–1), and ai is the activity of the gaseous reactants. Under standard

conditions, the equilibrium potential is ≡ 0V vs the reversible hydrogen electrode

(RHE) for H2/H
+ and ≡ 1.23VRHE for O2/H

+/H2O (note that the RHE scale ac-

counts for the pH-dependent Nernst-shift and the H2/H
+ equilibrium is ≡ 0VRHE

independent on the activity of protons). For H2 and O2, the activity equals the

partial pressure of the respective gases normalized to the reference gas pressure at

6



1.1. Proton Exchange Membrane Fuel Cell (PEMFC)

standard conditions (101.3 kPa), whereas for H2O, the partial pressure is normalized

to the water saturation pressure at the respective temperature, i.e., the activity of

water equals the RH.

Erev = E
OER/ORR
0 – E

HOR/HER
0 +

R · T
n · F

· ln

(
aO2

· a2H2

a2H2O

)
(1.5)

In a real system, the fuel cell potential is lowered by the so-called overpotentials and

by parasitic currents. The overpotentials include kinetic overpotentials from the two

reactions (ηORR/HOR), ohmic resistances caused by a limited proton conductivity in

the membrane (Rmembrane) and the catalyst layers (Reff
H+), as well as electrical con-

tact resistances (Rcontact) and oxygen mass transport resistances (Rtotal
O2

). Parasitic

currents include H2-crossover (iH2–x) and shorting currents (ishort) that force an elec-

trochemical reaction within the electrodes, even when no external current is drawn,

whereby the respective kinetic overpotentials reduce the open circuit voltage (OCV) of

the cell. The focus of current PEMFC materials research is therefore the minimization

of the individual voltage loss contributions, while lowering the required Pt loading is

essential to reduce the overall system costs.19

Overpotentials caused by the electrode kinetics are generally described by the Butler-

Volmer equation (eq. 1.6).

i = i0 · rf ·

e

αa · F
R · T

·η
– e

–
αc · F
R · T

·η
 (1.6)

Here, i is the current density (in A cm–2
MEA), i0 is the exchange current density (in

A cm2
Pt), rf is the roughness factor (active surface area of the catalyst with respect

to the electrode area, given in cm2
Pt cm

–2
MEA), αa and αc are the anodic and cathodic

transfer coefficients, and η is the overpotential (in V). As the Butler-Volmer equation

considers the reaction in the anodic direction (e.g., HOR) and the backward reac-

tion in the cathodic direction (e.g., HER) through the transfer coefficients and the

overpotential, it is mostly used to describe fast reactions (i.e., reactions with a high

exchange current density) that require low overpotentials. For reactions that require a

high overpotential, i.e., that occur far from the equilibrium potential (e.g., ORR), the

backward reaction can usually be neglected and the simplified Tafel equation (eq. 1.7)

7



1. Introduction

is therefore used, with the Tafel slope being defined as TS = 2.303 · R·T
αa/c·F

.

|η| = R · T
αa/c · F

· ln
(

|i|
i0 · rf

)
= TS · lg

(
|i|

i0 · rf

)
(1.7)

The sign of the overpotential depends on the sign of the current, i.e., for anodic cur-

rents (ia > 0), a positive overpotential is obtained, whereas for cathodic currents

(ic < 0), the overpotential is negative (note that in fuel cell studies the overpotentials

of the ORR are often stated as positive numbers although they reduce the half-cell

potential). On the anode side of a PEMFC, the HOR according to eq. 1.3 is extremely

fast with a reported i0 of 0.52 ± 0.15A cm–2
Pt (at 80 °C, 90% RH, and 100 kPaH2

), so

that the anode kinetics account for less than 10mV of the total voltage losses even at

high current densities of 3A cm–2
MEA and low anode loadings of 0.05mgPt cm

–2
MEA (see

Section 3.1.2).25 Thus, the catalyst development has concentrated on improving the

cathode activity as the large kinetic ORR overpotential contributes ≈ 300 – 400mV to

the overall voltage losses. In recent years, a more holistic understanding of the ORR

mechanism has been gained and, by optimizing lattice strain and electronic effects,

more than ten-fold improvements in mass activity over conventional Pt/C catalysts

have been demonstrated in rotating disk electrode (RDE) measurements. However,

the improvement factors upon the integration of such advanced materials in MEAs

are typically much lower (these discrepancies will be discussed in detail in Sections 1.2

and 3.1.1).16,26–28

Apart from the intrinsic catalytic activity of the Pt or Pt-alloy nanoparticles, the

ORR activity of the catalyst in an MEA is strongly affected by the adsorption of

the ionomer’s sulfonate endgroups which can block some of the active sites for the

ORR.29,30 The magnitude of this so-called ionomer poisoning effect on the catalyst

activity is mainly depending on the structure of the carbon support. In general, the

ionomer cannot reach the nanoparticles that are located inside the pores of a highly

porous carbon support (e.g., Ketjenblack) but it can easily access particles located

on the outside of a solid carbon support without significant internal porosity (e.g.,

Vulcan).31 Thus, catalysts supported on porous carbon show ≈ 2 times higher mass

activities compared to solid carbon supported catalysts with a similar ECSA.31,32

This is especially important for applications that require high electric efficiency and

thus operate at low current density.16
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1.1. Proton Exchange Membrane Fuel Cell (PEMFC)

While substantial progress has been made with respect to the catalyst kinetics, the

high-power performance of a fuel cell stack is mostly defined by the high current den-

sity (HCD) operation (> 2A cm–2
MEA), where due to the logarithmic nature of the

Tafel equation, the kinetic overpotentials account only for an additional TS of 70mV

(for the ORR) upon increasing the current density from 0.5A cm–2
MEA to 5A cm–2

MEA.

At HCD, the consumption of oxygen in the vicinity of the catalyst and the resulting

decrease in the local oxygen concentration (21% in air) at the active site(s) lead to a

severe increase in the oxygen mass transport resistance and is thus seen as the major

contributor to the overall voltage loss in this current regime.33 This is especially pro-

nounced for low-loaded electrodes with a low rf that require high Pt surface specific

currents and therefore force a high local flux of O2 and H+ at the triple-phase inter-

face. In catalysts with a highly porous carbon support, the necessity for O2 to pass

through constricted pores to reach the Pt nanoparticles located inside the primary

carbon particles, increases the oxygen mass transport resistance and annihilates the

advantage of a reduced ionomer poisoning for HCD operation.31 The additional volt-

age losses that are connected with high Pt surface specific currents are often referred

to as local O2-transport resistances and were found to scale inversely with the cathode

rf.33–36 In recent years, significant progress has been made in understanding the local

O2-transport resistance and in optimizing both the pore structure and the Pt particle

location to achieve better HCD performance at low Pt loadings.23,31,37–40

1.1.3. MEA Durability

Apart from the MEA performance at beginning-of-life, the durability of the compo-

nents remains a major challenge for the wide spread commercialization of PEMFC

systems.41,42 Hereby, many factors affect the durability of an MEA, namely cell re-

versal events that cause anode degradation, mechanical and chemical degradation of

membrane and ionomer, corrosion of the carbon support in the cathode catalyst layer

during start-up/shut-down (SUSD) or local hydrogen starvation events, and finally

the loss of Pt ECSA in the cathode as a result of load cycling.18,43–47

Load Cycling

During fuel cell operation, the load of a PEMFC stack varies from full load with

high current densities and corresponding low cathode potentials (≈ 0.6 – 0.7VRHE),

9
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to low or no load and therefore high cathode potentials (≈ 0.85 – 0.95VRHE). As

a consequence of the reversible electrochemical surface oxidation of Pt that occurs

across these potential regions, repeated Pt dissolution and subsequent redeposition

takes place.43,48 Since the Pt ions are mobile within the ionomer phase during high

potential operation, this leads to a loss of ECSA both due to Pt nanoparticle growth by

Ostwald ripening and Pt loss into the membrane phase where the Pt ions get reduced

by crossover H2, leading to the so-called Pt band formation.43,49 Since these two pro-

cesses are to some extent competitive and since the diffusion length plays a crucial role,

the overall loss of active Pt surface area is not homogeneous across the thickness of

the electrode: in the part of the electrode that is closest to the membrane, a depletion

of Pt due to Pt band formation dominates, whereas in the part of the electrode that is

adjacent to the GDL (and furthest from the membrane), Ostwald ripening is the pre-

dominant cause of the ECSA loss.43 Hereby, the Pt dissolution/redeposition processes

are more pronounced for smaller Pt nanoparticles that have a higher surface energy

and are therefore more susceptible to Pt dissolution and the corresponding ECSA loss

during load cycling.50 The concomitant loss of cathode rf during load cycling leads

to severe H2/air performance penalties due to kinetic overpotentials on the one hand

and, more importantly, due to additional O2-transport losses on the other hand.51–53

The load cycling induced degradation is mostly investigated by voltage cycling based

accelerated stress tests (ASTs), which will be discussed in detail in Section 3.3.2.

Start-Up/Shut-Down

While carbon is thermodynamically unstable at potentials above 0.2V vs. the stan-

dard hydrogen electrode (SHE),54 the kinetics of the carbon oxidation reaction (COR)

are fortunately so slow that carbon corrosion is not a major issue during normal op-

eration of a PEMFC.55 However, during an SUSD event, the local cathode potential

can rise to potentials > 1.2VRHE, where the COR kinetics are sufficiently fast for

carbon corrosion to become a serious issue.44,56 When a PEMFC stack remains in a

long shut-down during which the gas circulation is turned off, H2 in the anode com-

partment first permeates through the membrane to the cathode compartment, where

H2 and O2 are consumed according to eq. 1.2. Since there is usually an excess of H2

in the anode compared to O2 in the cathode (21% in air, with at the same time simi-

lar flow field volumes) compartment, this results in an intermediate state where both

sides of the PEMFC are filled with a mixture of H2 and N2 (N2 permeates through

the membrane from the cathode to the anode side). However, since the sealing of the
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stack is not perfect, air intrudes slowly into the system whereby the remaining H2 is

consumed and, after long shut-down periods, both sides of the cell are filled with air.

During a subsequent start-up, the anode compartment is flushed with H2, whereby

a H2/airanode-front passes through the anode (see fig. 1.3 a) and causes a polariza-

tion of the anode between a H2-filled segment, where the HOR takes place, and an

airanode-filled segment, in which ORR occurs (conceptually shown in fig. 1.3 b). Due

to the poor in-plane H+-conductivity of the catalyst layers and distances of several

mm– cm between the respective anode segments, an oxidative current is forced on the

adjacent cathode that is only separated by a 10 – 25 μm thick membrane, which leads

to cathode-sided carbon oxidation in the airanode/aircathode-filled section of the cell

(so-called reverse-current mechanism, see fig. 1.3 a&b).44,57

Figure 1.3. Schematic of a SUSD event in a PEMFC, sketching the passage of a H2/airanode front
through the anode flow-field (H2-filled regions in red, air-filled regions in blue) while the cathode
flow-field is filled with air. a) Illustration of the reactions occurring during the SUSD event, with
sketched pathways of electrons (in green) through the electrode, diffusion medium (DM) and flow-
field (FF) as well as of protons (in orange) across the membrane; b) Conceptual separation into a fuel
cell (FC) segment and an electrolytic cell (EL) segment (H2-filled and air-filled flow-field segments
are indicated in red and in blue, respectively). In-plane proton conduction is only possible within
very short distances from the H2/airanode front (≈ 120 μm for a 20 μm thick membrane) and not
over extended distances, which is indicated by the crossed-out arrows. The figure is reprinted from
Mittermeier et al. under the terms of the CC BY-NC-ND License.57

In some cases, the safety regulations of a PEMFC system require that H2 is purged

from the anode side during the shut-down of the system to avoid that pure H2

is present during an uncontrolled/unmonitored period, whereby a H2/airanode-front

passes through the anode during the shut-down event as well. The carbon mass loss

due to SUSD events results in a structural collapse of the cathode catalyst layer already

after less than 10% of the carbon mass have been corroded. This is accompanied by

severe performance losses due to increasing O2 mass transport resistances and a loss
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of ECSA due to the detachment of Pt nanoparticles from the support.44,56,58 Since

the carbon corrosion current during an SUSD event is linked to the ORR activity of

the anode, an anode catalyst that has a reduced ORR activity while maintaining its

HOR activity during normal operation was shown to reduce the cathode degradation

under these conditions.59,60 The development and evaluation of such a catalyst will

be discussed in detail in Sections 3.2.2 and 3.3.1.

Another catalyst-based approach to mitigate SUSD-induced cathode degradation is

replacing the conventional carbon supported ORR catalyst with a Pt catalyst sup-

ported on a metal oxide substrate that cannot be corroded at high potentials and

should therefore be much more stable.61–66 However, the low conductivity of these

supports often limits their applicability in a PEMFC system.66 Here, continuous metal

films on high surface area supports might be a promising approach for durable and

highly active electrodes,67,68 but the high interfacial energy of the metal/oxide inter-

face always results in a 3D morphology growth of the deposited metal,69 thus making

thin Pt films on a poorly conducting metal oxide inaccessible. However, these struc-

tures might become accessible if the outermost surface of the oxide could be reduced

to form a metallic buffer layer on which the Pt thin film deposition can take place.70

As the first step towards extended Pt films on a metal oxide support, a novel approach

to achieve these metallic buffer layers by the surface reduction of metal oxides will be

explored in Section 3.2.1.

Local Fuel Starvation

Similar to SUSD events, local H2 starvation (e.g., due to a water droplet blocking

a channel of the anode FF) can result in a reverse-current event, since O2 and N2

permeate through the membrane from the cathode to the anode and the crossover O2

undergoes ORR in the anode compartment, forcing an oxidative current on the adja-

cent section of the cathode.45 The effect is especially detrimental as local H2 starvation

events take place during operation (i.e., at temperatures of ≈ 80 – 90 °C), where the

kinetics of the COR are much higher compared to start-up events that usually occur

at ambient temperature. It is therefore essential to design a FF structure that helps

to avoid water accumulation in the channels and mitigates local H2 starvation events.

Since the reverse-current mechanism is the same in local fuel starvation and SUSD

events, the same catalyst based mitigation strategies apply.

12
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Cell Reversal

Compared to a local H2 starvation event, a cell reversal event occurs when the H2

supply is interrupted to an entire cell rather than just a section of the anode. In a

single-cell configuration, the resulting drop in H2 partial pressure would result in a

performance decay until all H2 is consumed and no power can be drawn from the cell

anymore. In a PEMFC stack with multiple cells, however, the cells are connected in

series and therefore the same current must pass through each MEA. The cells that are

supplied with H2 operate as galvanic cells and increase the stack voltage, while the

starved cells have to operate as electrolytic cells to sustain the applied current, i.e., an

oxidative current is forced on the anode side of the MEA. Since the conventional Pt/C

anode catalysts are poor oxygen evolution catalysts, this results in very high anode

potentials at which carbon corrosion is very severe. Because this phenomenon occurs

on a cell level and usually during HCD operation, it leads to a rapid PEMFC failure

and must be avoided at all times.71,72

Membrane and Ionomer Degradation

In general, degradation of the membrane is caused by mechanical and thermal stress

and by chemical decomposition.73 Mechanical failure can already occur during the cell

assembly process, e.g., when large agglomerates in the catalyst layer or carbon fibers

from the GDL could pierce the membrane. However, the mechanical stress induced

membrane degradation typically describes the swelling and contracting of the ionomer

phase of the membrane due to water uptake and release resulting from operation at

high and low RH, respectively.17 In the most extreme case, the repeated expansion

and contraction of the membrane can lead to its rupture, followed by a rapid and

uncontrolled heat development due to the mixing of H2 and air.18,74 The mechanical

stability of state-of-the-art membranes is commonly enhanced by an expanded PTFE

reinforcement that limits the swelling to a change in the membrane thickness and thus

mitigates membrane rupture.18

Chemical degradation of the ionomer and membrane occurs mostly during OCV opera-

tion at low RH.75 Here, the chemical degradation of the ionomer proceeds via a radical

attack, whereby hydroxyl radicals ( OH) are generated by the decomposition of H2O2

that is formed by the reaction between H2 and O2 in the presence of Pt (e.g., at the

Pt band in the membrane). The decomposition of H2O2 to OH radicals is strongly
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accelerated by the presence of transition metal cations, such as Fe2+ (so-called Fenton

reaction). The hydroxyl radicals can attack hydrogen atoms that are generally present

at the endgroups of the ionomer’s perfluorinated backbone (endgroup unzipping mech-

anism) or at the sulfonic acid group when the local water content of the ionomer is

very low (side chain unzipping mechanism at low RH ), whereby HF is released.76 As

the sulfonic acid endgroup is deprotonated during operation under humidified condi-

tions, and the endgroup unzipping mechanism can be inhibited by post-fluorination

of the ionomer, the chemical degradation of the membrane occurs mostly at low RH

and can therefore be mitigated to some extent by operating the PEMFC stack at high

RH. Additionally, radical scavengers, such as Ce3+/4+, are often used to significantly

improve the membrane stability.77

1.2. Rotating Disk Electrode (RDE) vs Membrane

Electrode Assembly (MEA) Measurement

Configurations

Although the data that is most representative of the performance of a PEMFC sys-

tem is obtained by MEA measurements, the development of novel catalysts, that are

often synthesized in mg-quantities and undergo multiple synthesis iterations, requires

a fast and easily accessible measurement technique for the initial screening of the cat-

alyst activity and, where possible, stability. Here, the rotating disk electrode (RDE)

technique is most commonly employed, as the electrode rotation in an aqueous elec-

trolyte establishes a well-defined diffusion layer of 5 – 50 µm that allows for a highly

reproducible extraction of the kinetic parameters for the ORR, as long as the catalyst

coating is uniformly distributed on the electrode disk.78,79

The RDE and MEA measurement configurations are compared in fig. 1.4, whereby the

main differences between the techniques are highlighted. These include the catalyst

environment, the required catalyst amounts, the experiment duration, the dominant

mass transport regime and resulting transport limited current densities, and the elec-

trolyte/catalyst ratio.

In the following, the characteristics of the two setups are briefly introduced and a

discussion of the critical differences between the techniques and the implications for
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Measurement Configurations

Figure 1.4. Comparison of RDE (left) and 5-layer MEA (right) setups, including a table that
highlights the main differences between the techniques. a) Local environment of an RDE working
electrode (WE); b) scheme of a 3-electrode RDE setup; c) 5-layer MEA setups consisting either of a
CCM sandwiched between two GDLs or a PEM between two GDEs; d) local environment in an MEA
with the porous catalyst layer (CL) consisting of catalyst particles (black) and ionomer (light blue).
The table summarizes typical specifications for both setups (exceptions might apply). The figure is
adapted from Lazaridis and Stühmeier et al. (see Section 3.1.1).28

the investigation of PEMFC catalysts will then be presented in Section 3.1.1.

1.2.1. RDE Measurements

The RDE technique employs a three-electrode setup (see fig. 1.4 a&b) to investigate

the half-cell reactions of a PEMFC in an aqueous electrolyte (typically HClO4 or

H2SO4) under well defined mass transport conditions. This allows for the precise de-

termination of the intrinsic activity of electrocatalysts that is not directly accessible by

MEA measurements. Additionally, the use of a rotating ring disk electrode (RRDE)

setup, where a Pt or Au ring surrounding the working electrode (WE) in close prox-
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imity is used to collect side products of the reaction, e.g., H2O2 during the ORR, as

well as studies on single-crystal model electrodes or advanced catalyst concepts have

enabled a more holistic understanding of the relevant reaction mechanisms in PEMFC

systems.78,80

For RDE measurements, the catalyst (with or without binder/ionomer) is deposited

as a thin layer on an electrically conductive non-porous RDE substrate, e.g., glassy

carbon. Since the total amount of catalyst deposited on the WE is extremely low

with ≈ 5 – 50 μgPt cm
–2
disk on a disk with an area of 0.196 cm2 (5mm diameter), the

quality of the coating has a severe impact on the reproducibility of the measurement

results.79 Furthermore, the cleanliness requirements for the system and especially the

purity of the used electrolytes are extremely high (for details see Shinozaki et al.81

and Kocha et al.82). The electrolyte can be gas-saturated, which allows for a precise

determination of the electrode’s ECSA or rf by hydrogen underpotential deposition

(Hupd) or CO-stripping (if CO is available) in N2/Ar-saturated electrolytes. Using

H2-saturation enables the calibration of the reference electrode (RE) on the RHE

scale by recording HER/HOR polarization curves. Finally, OER/ORR kinetics can

be determined in O2-saturated environment. The rotation of the electrode results in

a rotation rate dependent thickness of the diffusion boundary layer and therefore a

maximum mass transport rate by diffusion that is expressed as a current plateau (so-

called limiting current density, ilim), where the reactant concentration at the surface

of the disk approaches zero.80 Assuming first-order reaction kinetics, the measured

current density (imeas) can be corrected for the change in the reactant concentration

according to eq. 1.8 in order to obtain the kinetic current density (ikin).
83

ikin =
ilim · imeas

ilim – imeas
(1.8)

At the same time, the measured potential (E) must be corrected for the potential drop

due to the high frequency resistance (RHFR) between the RDE working electrode and

the reference electrode, i.e., the uncompensated solution resistance that is obtained

from the high frequency intercept in electrochemical impedance spectroscopy (EIS)

measurements. From this one obtains the iR-free potential (EiR–free, eq. 1.9).
83

EiR–free = E – imeas · RHFR (1.9)

Note that here the sign of imeas is positive for anodic and negative for cathodic re-
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Measurement Configurations

actions. Additionally, the potential must be corrected for the diffusion overpotential

(ηdiff), i.e., for the Nernst-shift of the equilibrium potential due to the reduced re-

actant concentration/activity at the disk surface. Under the assumption that the

concentration of protons or hydroxide ions in the bulk solution and at the disk surface

is approximately the same, i.e., the concentration of H2 or O2 is much smaller than

the concentration of the ionic charge carriers (at pH ≤ 2 or pH ≥ 12), the diffusion

overpotential can be calculated according to eq. 1.10 for the HOR and according to

eq. 1.11 for the ORR.83,84

ηdiff = –
R · T
2 · F

· ln
(
1 –

imeas

ilim

)
> 0 (1.10)

ηdiff = +
R · T
4 · F

· ln
(
1 –

imeas

ilim

)
< 0 (1.11)

However, the corrections are only reliable for measured current densities smaller than
ilim
2 where the mass transport corrections according to eq. 1.8 are less than a factor

of 2.83 With these corrections, the intrinsic catalyst activity is easily accessible from

RDE testing, which is therefore an essential tool for the development of novel catalysts

that allows for a fast screening of small sample quantities. At this point, it should

be noted that the limited mass transport rates in an RDE setup severely limit the

ability to properly quantify exchange current densities that exceed ≈ 1 – 3mAcm–2
disk

85

(corresponding to the maximum mass transport limited current densities) and that the

RDE technique is therefore unsuitable for the determination of HER/HOR kinetics on

Pt based catalysts at low pH (for details see Chapter 3.1).10

1.2.2. MEA Measurements

As described above, a 5-layer MEA consists of a proton exchange membrane, an-

ode and cathode catalyst layers, and gas diffusion layers (GDLs) (see fig. 1.4 c&d).

Hereby, the CCM can either be sandwiched by GDLs, or the catalyst layer is cast

onto the GDLs to form gas diffusion electrodes (GDE) that are then laminated to

the membrane. These GDL/CCM/GDL or GDE/PEM/GDE units are finally sealed

between two FFs to form a single-cell unit. Thus, MEA measurements are performed

in a two-electrode setup, whereby both half-cell reactions (eq. 1.3 and eq. 1.4) are mea-

sured simultaneously. This is possible because the kinetics of the HOR/HER are

extremely fast and the overpotential of the hydrogen side is therefore small (≤ 5mV

17



1. Introduction

for electrodes with an rf of ≥ 45 cm2
Pt cm

–2
MEA),

25 so that it can serve as both counter

electrode and pseudo-reversible hydrogen reference electrode (the partial pressure of

H2 is precisely controlled at all times and Nernst shift corrections can thus be ap-

plied). The porous catalyst layers allow for efficient mass transport through the gas

phase and, consequently, high limiting and Pt-specific current densities can be reached,

so that even the HOR/HER kinetics can be determined by using ultra-low-loaded elec-

trodes (for details see Section 3.1.2). About 20 years ago, the intrinsic activity of a

given catalyst could only be quantified approximately by MEA measurements, as one

could only correct for the membrane and contact resistances by HFR measurements

as well as for the H2-crossover and shorting currents by measurements in H2/N2 at-

mosphere, whereas many other voltage loss contributions were known to exist but it

was not yet possible to quantify them.80,83 Since then, however, significant progress

has been made in understanding and evaluating the various voltage loss terms de-

scribed in Section 1.1.2. Thus, it is now possible to correct for the inhomogeneous

through-plane catalyst utilization,86 the effective proton conduction resistance within

the electrode,21 and the oxygen mass transport resistance in catalyst layer, GDL, and

FF.87 Furthermore, novel methods have been developed to investigate the interaction

between Pt nanoparticles and ionomer (e.g., by CO-displacement)88 and the accessi-

bility of Pt particles embedded in a porous carbon support (e.g., by RH -dependent

CO-stripping).89 Many of these voltage loss contributions that mostly affect HCD

operation can only be investigated in PEMFC single-cells or short-stacks, as in other

measurement configurations, such as thin-film RDE, the relevant current densities are

inaccessible or the difference in local environment (liquid electrolyte vs. ionomer thin

film) prevents the evaluation of relevant effects, e.g., proton conduction in micropores

or local O2-transport resistances.

However, MEAs are time consuming to manufacture, the electrochemical testing often

takes multiple days per catalyst and further requires capital-intensive instrumenta-

tion capable of precisely controlling gas pressures, flow rates, relative humidities, and

temperatures. Additionally, the electrode preparation requires gram-quantities of cat-

alyst, the conditions in MEAs (catalyst/electrolyte interface, high temperatures, low

pH, voltage cycles, high current densities, etc.) often result in a destabilization and

incomplete utilization of optimized active sites, and the complex experimental setup

implies that results are often affected by unrelated influences, e.g., from membrane,

counter electrode, GDL, operating conditions, or the MEA preparation. Therefore,
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MEA measurements require extraordinary care when trying to properly quantify the

intrinsic activity of a given catalyst. Nevertheless, MEA testing is essential for the

catalyst evaluation at higher technology readiness levels and for the understanding of

MEA specific effects (for details see Section 3.1.1).

1.2.3. Bridging Techniques

It should be mentioned that several techniques that bridge the gap between RDE

and MEA measurements by providing high mass transport in liquid electrolytes while

requiring much smaller amounts of catalyst have been developed in recent years.26

Among others, these methods include the floating electrode technique (FET),90 the

modified rotating disk electrode (MRDE),91 and the gas diffusion electrode (GDE).92–94

The promise of these bridging techniques consists in their ability to closely resemble the

local environment and mass transport pathways of MEAs, albeit at lower catalyst-mass

requirements and technical complexity comparable to the RDE technique. However,

since I did not use these techniques for this thesis, they will not be discussed in detail

here and instead, the reader is referred to the works of Kwan et al.,91 Pan et al.,26

and Ehelebe et al.94 regarding the use of these techniques and respective protocols.

1.3. Strong Metal-Support Interaction (SMSI)

In 1978, Tauster et al. reported for the first time on drastic changes in the chemisorp-

tion properties of group VIII noble metal particles that were supported on titanium

oxide. They called this behavior the ”strong metal-support interaction” (SMSI).95

In recent years, SMSI has been established as a collective term that is used to describe

significant alterations of the catalytic activity and selectivity of group VIII metal

nanoparticles supported on reducible oxides.96,97 This includes electronic effects, the

(partial) encapsulation of the metal nanoparticles by a thin layer of partially reduced

oxide, spillover effects, morphology changes, and, in some cases, alloy formation.96–100

A heat-treatment in reductive atmosphere or oxygen removal in ultra-high vacuum

are typically required to form the SMSI,96 although similar effects have been achieved

electrochemically by voltage cycling.101–105 Thus, in the following section, the SMSI

will be discussed with respect to the electrochemical properties of oxide supported
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catalysts.

Catalyst concepts based on oxide supported Pt nanoparticles have gained consider-

able interest over the last two decades as alternatives to conventional carbon supported

catalysts.106 Here, corrosion resistant oxides promise to suffer less from SUSD and

cell reversal events and to facilitate an improved ECSA retention during voltage cy-

cling.61,62,65,107,108 Additionally, it was found that the electronic effect of the SMSI

enhances the ORR activity of Pt supported on solid solutions of TiO2 and the oxides

of Mo,109 Ru,110 and Ta,111 as well as on niobium, antimony, or tantalum doped tin

oxides.112,113

While the electronic SMSI effect has a positive impact on the ORR activity of oxide

supported Pt catalysts, the encapsulation that is often observed for SMSI systems has

a detrimental effect on the ORR. This was shown conclusively in a study by Hsieh et

al.,114 where they synthesized a TiO2 supported Pt catalyst that they heat-treated

in H2 at 200 °C. Before the heat-treatment, the catalyst showed a mass activity of

1.83mAmg–1Pt at 0.9VRHE, whereas after SMSI formation, the activity decreased to

only 1.01mAmg–1Pt due to an encapsulation of the Pt particles by TiOx (x ≤ 2),

which they showed by high resolution TEM images.114 The driving force for the en-

capsulation is generally considered to be the minimization of the total surface-energy

of the system and thus, it occurs mostly when high surface-energy metal nanoparti-

cles (e.g., Pt, Rh, Ru, or Pd) are supported on reducible low surface-energy metal

oxides (e.g., TiO2, CeO2, Nb2O5, or V2O3).
97,115 Hsieh et al.114 then etched the

encapsulating layer by hydrofluoric acid treatment and obtained an enhanced activ-

ity of 4.23mAmg–1Pt, while solely the acid treatment without a previous reductive

heat-treatment did not result in a significantly improved ORR activity. They thus

confirmed that the electronic SMSI effect indeed enhances the ORR activity of Pt but

that an encapsulation can have a stronger effect as a reaction barrier. Furthermore,

they observed that the Pt oxidation at potentials above 0.6VRHE is suppressed by the

encapsulation, while the Hupd is not, from which they concluded that the encapsulat-

ing layer must be permeable for protons but not for oxygenated species.114

Although Hsieh et al. were, to the best of my knowledge, the first to deconvolute

the electronic SMSI effect and the encapsulation effect with respect to the ORR ac-

tivity of Pt/TiO2 catalysts, a hindered Pt oxidation and suppressed ORR activity of
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Pt nanoparticles (≤ 1 nm) supported on TiO2 had already been shown by Hayden

et al.101,102 in 2009. Banham et al.103 found for a Pt/NbTiO2 catalyst with a Pt

particle size of ≈ 7.5 nm that the catalyst exhibited an unexpected HOR selectivity

after voltage cycling between 1.0– 1.4V, i.e., the catalyst maintained its HOR activity

while losing most of its ORR activity. They concluded that this effect was most likely

caused by the dissolution/redeposition of the oxide that led to a selective site blocking,

and proposed that this concept might be used in an anode catalyst to mitigate carbon

corrosion on the cathode side during SUSD events.103 Similar results were found by

Gebauer et al. when exposing a Pt/C/TiOxNyCz catalyst to a square wave voltage

cycling profile between 0.4 – 1.4V, whereby the catalyst showed a surprisingly low

ORR activity retention as well as suppressed Pt oxidation features.108 Since then, the

in-situ electrochemical SMSI formation has been observed in an increasing number of

studies.104,105,116,117 Thus, the correlation between a suppressed electrochemical Pt

surface oxide formation, a reduced ORR activity, and the encapsulation of Pt nanopar-

ticle is well established by now.104,105,118,119

Based on the works of Hsieh et al. and Banham et al., we developed an HOR-selective

Pt/TiOx/C catalyst for the mitigation of SUSD-induced cathode degradation (see Sec-

tions 3.2.2 and 3.3.1).118 The catalyst combines the selectivity resulting from the Pt

encapsulation (see fig. 1.5 b& c) with the structural advantages of a carbon support,

i.e., high conductivity and low packing density that yields highly porous electrodes

(see fig. 1.5 a). Furthermore, we found that due to the suppressed Pt surface oxide

formation, the HOR activity of the catalyst is maintained even at potentials positive of

1.0VRHE, where Pt surface oxide formation on conventional Pt/C catalysts results in

a deactivation of the catalyst. This HOR activity retention at high anodic potentials

was also observed in an earlier study by Gebauer et al.117 and was later investigated

in greater detail in our group by Geppert et al.119 Employing this stabilization effect,

we have furthermore investigated the SMSI effect on the electrochemical surface oxide

formation and the HOR activity of Ru in a follow-up study (see fig. 1.5 d – g and

Section 3.2.3).120

Finally, it should be noted that in 2021, Zhang et al.121 conclusively showed the

detrimental effect of TiO2 for the long term stability of a PEMFC. Unfortunately, TiO2

is not fully stable at pH ≈ 0 – 1122 and the dissolved ionic Ti species react with H2O2

through a Fenton reaction and generate hydroxyl radicals ( OH) that decompose the
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Figure 1.5. TEM images of Pt/TiOx/C (a – c) and Ru/TiOx/C (d – g) after the reductive heat-
treatment at 400 °C in 5% H2/Ar atmosphere. a) TEM image of the Pt/TiOx/C catalyst that consists
of Pt/TiOx agglomerates (characterized by their rough morphology and the dark Pt particles) sup-
ported on the Vulcan carbon structure (primary agglomerates of round and smooth carbon spheres);
b& c) high resolution TEM images showing the encapsulation of the Pt particles by a thin layer
of TiOx (indicated by the yellow arrows). d) Scanning transmission electron microscopy (STEM)
images of the Ru/TiOx/C catalyst in high angle annular dark field (HAADF) mode whereby heavy
elements appear brighter; corresponding energy dispersive X-ray spectroscopy (EDX) mappings of
e) Ru, f) Ru & Ti, and g) Ru, Ti & C, showing the successful deposition of Ru on TiOx. Panels d – g
adapted from Stühmeier and Schuster et al. (see Section 3.2.3).120
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membrane.121 Furthermore, we show that dissolved Ti species from the Pt/TiO2/C

anode catalyst migrate to the cathode (see Section 3.3.1), where they compromise the

high current density performance, which is most likely caused by the build-up of a

pH gradient across the MEA that shifts the cathode equilibrium potential and results

in an additional thermodynamic penalty.36 Consequently, TiO2 and, most likely, in

extension also doped TiO2 and Magneli phase materials (e.g., Ti4O7) are not suitable

support materials for PEMFC catalysts. Thus, further research on employing the

SMSI effect in next generation catalysts should focus on oxides that might prove to

be more stable at low pH, such as WO3 or Nb2O5.

1.4. Thesis Outline

Despite the introduction of the first commercial models of fuel cell electric vehicles in

the last decade,14,15 PEMFC systems still continue to face challenges with respect to

the overall system performance and, arguably more important, the long-term durabil-

ity.41,123 Here, the current research focuses on the development of cathode catalysts

with higher intrinsic activities, elucidating the mass transport limitations that affect

HCD operation, the investigation of degradation mechanisms and stressors, and the

development of appropriate mitigation strategies.9,16,19,123 Within this research ef-

fort, the focus of this PhD thesis is to advance our understanding of the activity,

selectivity, and durability of PEMFC catalyst materials by employing various elec-

trochemical characterization methods. Thus, this work will cover three main topics:

firstly, the development of suitable measurement techniques, secondly, the exploration

and implementation of novel catalyst concepts, and finally, the investigation of catalyst

degradation to elucidate the correlation between degradation and H2/air performance

losses.

The first publication presented in Section 3.1 is a perspective that summarizes the ca-

pabilities and limitations of the RDE technique and of single-cell MEA measurements,

proposing appropriate protocols for the screening and characterization of catalyst ma-

terials. Therefore, the perspective will outline the toolbox that is used throughout this

thesis. Additionally, the Experimental Methods chapter (Chapter 2) will cover some

of the pitfalls that come with the investigation of low-rf electrodes in more detail

and propose an optimized procedure for the full characterization of 5 cm2 single-cell

PEMFCs. The second paper in Section 3.1 will then establish an experimental pro-
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cedure for PEMFC based H2-pump measurements on ultra-low-loaded electrodes for

the investigation of the HOR/HER kinetics and the underlying reaction mechanism.

Having established the required characterization techniques, several new catalyst con-

cepts will be presented in Section 3.2. In the first paper, a novel method to reduce

oxide thin-films in-situ with a polyol will be explored as a first step towards extended

Pt (or Pt-alloy) thin films covering oxide support materials. In the second publication,

we will develop a Pt/TiOx/C catalyst that combines the advantages of the SMSI effect

with the high porosity and conductivity of a carbon support to achieve a catalyst that

is selective for the HOR and stabilized against Pt oxidation. Based on this concept, a

third study will investigate the SMSI effect on the electrochemical surface oxide for-

mation and the HOR activity of Ru/TiOx/C.

In the final section of this thesis (Section 3.3), the hypothesized advantage of em-

ploying the HOR-selective Pt/TiOx/C catalyst on the anode side of a PEMFC for

the mitigation of SUSD-induced degradation is investigated in a first study. The fi-

nal work within this thesis deals with voltage cycling based ASTs and the correlation

between cathode rf degradation and the development of the individual voltage loss

contributions that affect the H2/air performance.
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2. Experimental Methods

This chapter aims to elaborate on the reasoning behind choosing the experimental

procedures presented in the individual publications in Chapter 3 and to serve as a

guide for the efficient planning, execution, and evaluation of fuel cell experiments. For

an introduction to the techniques used in the group of Technical Electrochemistry at

the Technical University of Munich in the field of fuel cells, the reader is referred to

the PhD theses of G. S. Harzer,124 and J. N. Schwämmlein,125 while this thesis will

focus on optimized protocols and more recently resolved issues.

2.1. Synthesis of Novel Catalyst Materials

This section focuses on the synthesis of novel catalyst materials that utilize the unique

properties of a SMSI, specifically Pt/TiOx/C (x ≤ 2, whereby TiOx might be partially

hydrated)118 and Ru/TiOx/C. Thus, a generalized synthesis route for PGM/TiOx/C

catalysts is summarized here, with a special emphasis on aspects that require spe-

cial attention to ensure reproducible synthesis results but could not be discussed in

detail in the respective publications. For details on the synthesis of Pt/TiOx/C and

Ru/TiOx/C (e.g., reactant quantities/concentrations and temperature profiles), the

reader is referred to the respective publications in Chapter 3.118,120,126

First, the titanium oxide nanoparticles are synthesized by the dropwise addition of

a solution of titanium(IV)isopropoxide (≥ 97%, Sigma Aldrich Corp.) in ethanol

(EtOH, 99.8%, absolute, Sigma Aldrich Corp.) to an equal volume of high purity wa-

ter (H2O, 15MΩ · cm, E-POD, Merck Millipore KGaA) held at 80 °C over the course

of ≈ 30min. Here, it is essential that the titanium(IV)isopropoxide is stored in a glove

box, the ethanol is dry, and that the solution is freshly prepared on the day of the ex-

periment to avoid the premature formation of TiOx nanocrystals that might otherwise

alter the crystallite growth behavior during the synthesis. After stirring for 60min, the

volume is doubled by ethylene glycol (EG, 99.8%, anhydrous, Sigma Aldrich). Then,

H2O and EtOH are slowly evaporated using a rotary evaporator (Hei-VAP Value, Hei-
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2. Experimental Methods

dolph Instruments GmbH & CO. KG.) at 70 °C, whereby superheating (i.e., heating

the solution past its boiling point, leading to a meta-stable state that might result in a

sudden eruption of solvent into the rotary evaporator) must carefully be avoided and

the collecting container must be emptied multiple times. After applying full vacuum

for ≈ 30min, a titania dispersion is obtained in the remaining EG that cannot be

evaporated at 70 °C in a rotary evaporator even over night.

Meanwhile, the PGM nanoparticles are synthesized from the respective chloride salts

(RuO3 or K2PtCl4) by the polyol method. To speed up the dissolution of the pre-

cursor salts, grinding them to a fine powder with mortar and pestle is recommended.

However, it is essential that a separate precursor mortar is used to avoid any contam-

ination by metal nanoparticles that can lead to heterogeneous nucleation and thereby

prevent the formation of a homogeneous particle size distribution.127 Similarly, the

glass vials used for the synthesis should be cleaned in a KOH bath and subsequently

with acid to remove residual nanoparticles from previous syntheses. During the syn-

thesis, the particle size is controlled via the pH for Pt nanoparticles and by the addition

of polyvinylpyrrolidone (PVP, average Mw≈ 55000, Sigma Aldrich) for Ru nanoparti-

cles. For adjusting the pH, fresh 1M solutions of NaOH (99.99% [metal basis], Sigma

Aldrich Corp.) and H2SO4 (95%, VWR) in EG should be used to minimize the ad-

dition of H2O. It was observed that an old NaOH solution in EG can kick-start the

reduction of the PGM precursors already at room temperature (visible by severe dark-

ening of the solution that indicates nanoparticle formation),128 which results in large

primary particles and agglomerates that cannot be used for the catalysts and that are

often visible by eye at the bottom of the flask. In this case, the synthesis of the PGM

nanoparticles should be repeated with a fresh batch rather than continuing with the

synthesis. Similarly, a glass pipette must be used to deaerate the solution with argon

to avoid premature PGM precursor reduction by electrochemical displacement with a

metallic syringe.

Once both solutions have cooled down to room temperature, the PGM nanoparticle

suspension is added to the titania dispersion and stirred for 24 h at room temperature,

whereby in the case of Pt, the pH must be adjusted to ≤ 5 to ensure opposite surface

charges of Pt and TiOx and consequently a successful deposition of the Pt particles

on the titania support. The easiest method to check the pH is the centrifugation of a

small fraction (≈ 1mL) of the dispersion, whereby a homogeneously colored deposit
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2.1. Synthesis of Novel Catalyst Materials

and a clear solution should be obtained after the mixture has been stirred for at least

30min. In parallel, the Vulcan carbon support is dispersed in EG by ultrasonication

and subsequent stirring for 24 h to ensure a homogeneous dispersion.

Then, the solution containing PGM/TiOx is added to the Vulcan dispersion and stirred

for another 48 h before the volume of the solution is doubled in volume with acetone

(≥ 98%, Sigma Aldrich Corp.), stirred for another 12 h, and centrifuged at 11000 rpm

at 10 °C in an ultra-centrifuge (5810 R, Eppendorf) to separate the PGM/TiOx/C cat-

alyst and the solvent. Here, acetone reduces the polarity of the solvent, which results

in a reduced stability of the strongly surface charged nanoparticles in the dispersion

and facilitates an easy separation. Subsequently, the catalyst is washed at least three

times with a 50:50 mixture of acetone and water to remove EG, PVP, residual ions

from the precursor salts, and the side products of the polyol process.129–131 Finally,

the catalyst is dried at 70 °C in air. It should be noted that when TiOx containing

samples were washed with isopropanol, the solution immediately turned yellow indi-

cating the formation of a soluble titanium complex and therefore a dissolution of the

catalyst. This was exclusively observed for catalysts that had not yet been dried, but

to ensure the integrity of the catalyst, any propanol should be avoided as a solvent

before the sample has been heat-treated in reductive atmosphere (5% H2/Ar) to form

the SMSI (see fig. 2.1).

Figure 2.1. Temperature profile for the reductive heat-treatment of PGM/TiO2/C catalysts. First,
the tube furnace is flushed with Ar (1 Lmin-1), followed by a temperature ramp of 10Kmin-1 and a
60min hold at 400 °C in 5% H2/Ar (0.5 – 1 Lmin-1, depending on the sample size), and finally, the
furnace is allowed to cool down in Ar atmosphere (1 Lmin-1).

For the heat-treatment, the tube furnace is first flushed with Ar for 20min to remove

oxygen from the system, and 10 min before starting the heating process, the gas is

switched to 5% H2/Ar. The heating is conducted with a ramp of 10K min-1 and a

60min hold at the final temperature of 400 °C. Finally, the heating is turned off and
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the furnace is passively cooled down to room temperature in Ar atmosphere.

Before electrode fabrication for MEA measurements, the catalyst must further be ball

milled to break down large agglomerates (≈ 5 – 20 μm) that would otherwise pierce

the membrane (for details see Section 3.3.1).

2.2. Low-Roughness Factor MEA Measurements

Typically, a single cell measurement protocol is developed and optimized for the char-

acterization of state-of-the-art MEAs at beginning-of-test. As a result, the standard

evaluation of the measured data works well for electrodes with a high rf, but might

be unreliable when investigating highly degraded electrodes or electrode compositions

that differ significantly from the MEAs, for which the protocol had been developed. In

the following, measurements that were found to be severely affected by low rf values

will be discussed and, where possible, adaptations of established protocols that deal

with these difficulties will be proposed.

2.2.1. CO-Stripping Measurements

At low rf values, the rf or ECSA determination by Hupd is not sufficiently accurate,

as it is heavily affected by H2-crossover and the Nernst potential shifted onset of

the HER. Thus, the strong affinity of CO to PGMs is often utilized in CO-stripping

measurements that correlate the oxidation current of an adsorbed monolayer of CO to

the PGM surface area.

General Procedure

In general, CO (10% CO/N2) is introduced into the single-cell PEMFC to be adsorbed

on the catalyst surface at a low applied potential, e.g., 100mVRHE (see eq. 2.1). Then,

the remaining CO is removed from the system by an extensive N2 purge (≈ 1 – 2 h),

while the low potential is maintained to avoid premature CO oxidation. Once the

gas phase is completely CO-free, a cyclic voltammogram (CV) is recorded from the
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2.2. Low-Roughness Factor MEA Measurements

holding potential in anodic direction to oxidize the adsorbed CO according to eq. 2.2.

Pt + CO −→ Pt – COads (2.1)

Pt – COads +H2O −→ Pt + CO2 + 2H+ + 2 e– (2.2)

The CO oxidation results in an anodic CO-stripping peak during the first anodic scan

(see red lines in fig. 2.2 a). To distinguish the CO oxidation currents from other anodic

currents that occur in the same potential region, e.g., Pt oxidation and capacitive

currents, a second CV scan is recorded (black line in fig. 2.2 a) and used as the

baseline for the integration of the peak (gray area in fig. 2.2). For the comparison

between measurements, it is often easier to discuss the baseline corrected CO-stripping

peaks, i.e., the mathematical difference between the first and the second anodic scan,

as shown in fig. 2.2 b. From the integrated area (
∫
igeo(E)dE, gray area), the rf can

be calculated according to eq. 2.3, whereby ν is the scan rate (in V s–1) and Cspec is

the surface area specific charge of 420 μCcm–2
Pt for the oxidation of CO (two-electron

transfer and linear adsorption of CO).132

rf =

∫
igeo(E)dE

ν · Cspec
(2.3)

Figure 2.2. CO-stripping measurement for a 0.1mgPt cm
–2
MEA MEA with an rf of 78 cm2

Pt cm
–2
MEA:

a) CO-stripping and subsequent CV recorded at 100mV s–1; b) baseline (second scan) corrected CO-
stripping peak; the measurements were performed at 40 °C and 95% RH.
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N2 Gas Purity

Before going into detail on CO-stripping measurements for low-rf electrodes, the ef-

fect of the N2 purge and the gas purity has to be discussed first. The test stations

operate with two kinds of N2: i) N2 (main) from the house line that comes from the

evaporation of liquid N2 from a central tank, and ii) N2 (5.0, purity ≥ 99.999%) that

comes from gas bottles in the laboratory. The flow diagram of the relevant connec-

tions, valves, and mass flow controllers (MFCs) is depicted in fig. 2.3.

Figure 2.3. Simplified flow diagram of the relevant connections, valves and mass flow controllers for
CO measurements. Here, N2 (main) refers to N2 from the house line that is obtained from a liquid
N2 tank, whereas N2 (5.0) is obtained from gas bottles (≥ 99.999% gas purity).

To minimize gas expenses, house line N2 (main) is used almost exclusively, whereas

N2 (5.0) is only used for purging the CO lines and, in some instances, for cathode

CVs. During the CO-saturation phase of CO experiments, CO is introduced into the

system by opening the shut off valves (SOVs) 1, 3& 5 with a flow of up to 100 nccm

controlled by MFC 1. During the subsequent N2 purge, SOVs 1&3 are closed and

CO is purged from the system by opening SOVs 4&5. In order to remove residual

CO from the dead-volume between SOV 3 and MFC 1, the line can be purged with

N2 (5.0) in the opposite direction by closing SOV 5 and opening SOVs 2&3, whereby

the gas is purged directly to the exhaust. For ≈ 30min, the purging procedure con-
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2.2. Low-Roughness Factor MEA Measurements

sists of changing between this back-purge and flushing the cell with N2 (5.0) every 90 s.

Then, the cell is flushed with N2 (main) for another ≈ 30min, whereby the RH can be

adjusted by going through the humidifier. Finally, the pressure is increased to 50 kPag

to minimize oxygen intrusion from any imperfections in the cell connection sealing and

subsequently, the flow rate is reduced to 1 nccm cm–2
MEA and the CO-stripping CVs are

recorded.

To check whether this purging procedure is effective, the gas lines were tested for resid-

ual CO after a CO-stripping experiment. Fig. 2.4 a shows the recorded CVs using the

usual CO-stripping procedure, whereas fig. 2.4 c used the same procedure but without

introducing CO, i.e., SOV 1 was never opened but the usual purging procedure in-

cluding the potential hold was applied. While the CO-stripping peak is clearly much

smaller, the fact that the peak exists at all indicates that some CO was introduced

during the N2 purge. Since the most likely origin of this CO is from residual CO in

the lines going through MFC 1, a 12 h long purge of these lines was conducted that

included switching every 30min between the back-purge to the exhaust and flushing

N2 (5.0) into the cell. However, when the COfree-stripping experiment was repeated

after this 12 h purging procedure, the CO-oxidation peak still remained (see fig. 2.4 e).

The origin of the adsorbed CO must therefore be the N2 gases themself, whereby the

purity of the N2 (main) gas is less controlled. The above described experiment was

therefore repeated with N2 (5.0) connected to the ”N2 (main)”-line in fig. 2.3. While

the CO-strip itself is unaffected by this change (see fig. 2.4 b), the CO-oxidation peak

is still present without an additional purge (see fig. 2.4 d), but disappears completely

after the 12 h purge (see fig. 2.4 f). This indicates that the origin of adsorbed CO is

indeed the combination of residual CO in the N2 (5.0) lines and a CO impurity in the

house line N2 (main). The most likely explanation for the impurity are the similar

condensation temperatures of CO and N2 that might result in up to 0.3 ppm of CO in

the liquid N2 fraction after air liquefaction (based on the average CO level of 0.4mgm3

in Munich in 2019).133

It should be noted that the smaller CO-oxidation peak in fig. 2.4 c compared to fig. 2.4 d

is the result of a longer back-purge procedure of ≈ 60min that leads to less residual

CO in the N2 (5.0) lines. However, as some CO will be introduced during normal FC

operation with N2 (main) as the main N2 gas during the purge in any case and no
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Figure 2.4. Investigation of the gas purity by comparing measurements with regular N2 (main)
from the house line connected to the test station (left) and with N2 (5.0) connected to both N2

inlets (right); a&b) proper CO-stripping measurements including CO introduction into the system;
c&d) COfree-stripping experiments consisting of the full purging procedure (including potential hold)
without the preceding introduction of CO; e& f) COfree-stripping procedure after purging all lines for
12 h with N2 (5.0). The CO-stripping peak in the COfree measurements is indicative of the remaining
CO in the N2 gas lines; the measurements were performed at 40 °C and 95% RH on cells with an
active area of 5 cm2.

CO-oxidation peaks are observed in subsequent scans, the shorter purging procedure

of only 30min can be considered to be the best trade-off between experiment duration

and gas purity for CO-stripping measurements. Still, when conducting experiments

that are highly sensitive to CO impurities, e.g., H2-pump or CO-displacement mea-

surements, full removal of any residual CO should be ensured by adding an additional

back-purging procedure of ≈ 2 – 3 h.

While the CO impurity in the N2 (main) gas supply might affect all measurements that

employ N2, the relevance of this issue is relatively small in most cases. The amount of

CO is too little to affect the measurements, as long as CO does not accumulate on the

catalyst over a longer period of time. As described above, this happens only at low

potentials, e.g., when there are traces of H2 in the gas mixture after having recorded

anode CVs or after operation in H2/N2 configuration for a long time (see fig. 2.5 a).

In these cases, it might be required to polarize the cathode to ≈ 0.8VRHE for a few
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seconds to ensure the oxidation of accumulated CO prior to any sensitive measurement.

However, traces of O2 from O2/air operation, that remain in the cathode system even

after standard purging procedures, prevent an accumulation of CO in most cases and

make this a non-issue (see fig. 2.5 b).

Figure 2.5. All three cycles of cathode CVs that were recorded after N2 purges following a) anode
CVs (cathode filled with 5% H2/Ar), or b) polarization curves (cathode filled with air), respectively.
A CO-oxidation peak in the first scan indicates CO accumulation on the Pt surface. The CVs were
recorded at 50mV s-1, 5 nccm N2 (main), 40 °C, 95% RH, and ambient pressure with 5% H2/Ar on
the anode (100 nccm). The active area of the cell is 5 cm2.

CO-Crossover

Most studies that employ CO-stripping in PEMFC single-cells focus exclusively on the

cathode electrode due to the insignificant contribution of the anode’s HOR kinetics

to the overall voltage losses. However, during normal operation, the anode potential

remains close to 0VRHE at all times. This means that any CO reaching the anode will

accumulate on the Pt surface and might result in unexpected HOR overpotentials due

to CO poisoning. While this is most likely not an issue in an actual PEMFC stack as

long as the H2 supply is sufficiently CO-free, it might be an artificial problem induced

by the measurement procedure in single-cell tests. Here, CO can be introduced to the

anode by two means: i) CO-crossover during CO measurements on the cathode side

(e.g., CO-stripping or CO-displacement measurements, see fig. 2.6 a), and ii) N2 purges

of the anode compartment (see fig. 2.6 b). It should be noted that CVs on the anode

side require a preceding N2 purge to remove H2 from the anode compartment and a

small CO-stripping peak will therefore be seen in any anode CVs, except for freshly

connected cells (here the anode is filled with air and does not adsorb CO, see fig. 2.5 b).

It is therefore recommended to minimize the amount of N2 purges of the anode com-
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Figure 2.6. All three cycles of anode CVs that were recorded after a) a CO-strip on the cathode,
or b) cathode CVs without CO, respectively. A CO-oxidation peak in the first scan indicates CO
accumulation on the Pt surface. The anode was purged with N2 (main) for ≈ 30min to remove H2

from the cell before recording the CVs at 50mV s-1, 5 nccm N2 (main), 40 °C, 95% RH, and ambient
pressure with 5% H2/Ar on the cathode (100 nccm). The active area of the cell is 5 cm2.

partment throughout a measurement procedure to avoid CO accumulation. Further-

more, it was found in the early stages of optimizing the testing protocol for the voltage

cycling study (see Section 3.3.2) that the CO-stripping peak on the anode increased

after performing multiple CO-strips on the cathode side. This indicates that CO is

diffusing from the cathode through the membrane and accumulates on the anode side.

It is therefore required to polarize the anode to ≈ 0.8VRHE for a few seconds after CO

measurements on the cathode side. Since this requires removing H2 from the anode

compartment by a N2 purge, one can combine this with a CV measurement to assess

the state-of-health of the anode, in which case, CO is automatically stripped from the

anode catalyst’s Pt surface.

Severely Degraded Electrodes

While the conventional method of subtracting the subsequent scan as the baseline for

the CO-stripping peak works well for pristine MEAs (see fig. 2.2 b), the CO-stripping

peak does not return to the same baseline for severely aged MEAs (see fig. 2.7 a). A

similar behavior has been observed for CO-strips at low RH (< 50%) on catalysts with

a high fraction of Pt nanoparticles within the pores of a highly porous carbon support.

Shinozaki et al. explained this by an insufficient availability of H2O for the oxidation

of CO according to eq. 2.2.89 However, this cannot be the reason in the here presented

case as the CO-strip was performed at 95% RH and the low rf of the degraded elec-

trode means that the amount of water required for the oxidation is extremely small.

Thus, there must be a different explanation for the discrepancy between the first and
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the second scan. Interestingly, a similar offset of ≈ 0.03mAcm–2
MEA is observed be-

tween the first and the second scan during the COfree-strip of a pristine MEA with the

same catalyst and loading even when no CO is present in the system (see black dotted

line in fig. 2.7, data taken from fig. 2.4 f). This indicates that the offset between the

first and the second scan is an oxidation current that is not related to CO but rather

is the result of the potential hold at 0.1VRHE for 1 h that seems to be able to reduce

the catalyst surface further than what happens during the cathodic scan to 0.07VRHE

at 100mV s–1. This is confirmed by a similar discrepancy between the first and the

second scan that is observed in all CVs of the anode (that usually sits at 0VRHE).

Furthermore, the oxidation must take place on the carbon surface as the offset is al-

most identical between a pristine MEA with a cathode rf of 78 cm2
Pt cm

–2
MEA and a

severely aged electrode with an rf of ≈ 5 cm2
Pt cm

–2
MEA (see fig. 2.7 b). Therefore, the

conventional integration of the full area between the first and the second scan (gray

and blue areas in fig. 2.7 combined) would lead to an overestimation of the electrode’s

rf.

Figure 2.7. CO-stripping measurement of a severely degraded cathode with an rf of ≈
5 cm2

Pt cm
–2
MEA (0.1mgPt cm

–2
MEA, after 50,000 square wave cycles between 0.6 – 0.95V with a 1 s

hold under H2/N2 at 80 °C and 95% RH, see Section 3.3.2): a) CO-strip and subsequent CV recorded
at 100mV s–1; b) CO-stripping peak corrected for the second scan as the baseline (red line) and
difference between first and second scan after a COfree-strip of a pristine MEA (black dotted line,
data taken from fig. 2.4 f); the measurements were performed at 40 °C and 95% RH. The gray area is
integrated from the difference between the first and second scan in the range of 0.6 – 1.0VRHE with
a linear baseline; the blue area is the difference between the gray area and a full integration of the
red curve. The active area of the cell is 5 cm2.

The most accurate way to determine the rf by CO-stripping would be to record the

CO-strip and subsequently perform the same procedure without introducing CO and

use the first scan of the COfree-strip for the baseline correction. However, this approach
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would more than double the measurement time as it is essential that all traces of CO

are removed from the N2 (5.0) line before the measurement is conducted. Additionally,

it would not be possible to run the CO-strips at a controlled RH, as the N2 (main)

supply contains a CO contamination and must therefore be avoided. Instead, I propose

the following approach to minimize the error of the rf determination without having to

conduct a second measurement: first, one uses the second scan during the CO-stripping

CVs as the baseline to obtain the baseline-corrected CO-stripping peak (red line in

fig. 2.7 b); then, the baseline-corrected CO-stripping peak is integrated using a linear

baseline from 0.6 – 1.0VRHE (gray area in fig. 2.7 a&b, the integration boundaries

might have to be adapted for other catalysts/MEAs). Although this approach is

certainly not perfect, it avoids integrating the blue area in fig. 2.7 which, for the most

part, is a measurement artifact rather than a CO oxidation feature.

Ultra-Low-Loaded Electrodes

For ultra-low-loaded electrodes (≈ 1 – 2 μgPt cm
–2
MEA), additional effects have to be

considered when evaluating the CO-strip area (see fig. 2.8). Here, the subsequent CV

is shifted by ≈ 0.18mAcm–2
MEA due to the H2-crossover current (note that an iH2–x

of ≈ 5mAcm–2
MEA would be expected for pure H2 on the anode at 80 °C and that

≈ 0.18mAcm–2
MEA is therefore a reasonable value for CO-stripping measurements at

40 °C with 5% H2/Ar on the anode).

However, during the CO-stripping scan, the CO blocks the active Pt surface and pre-

vents the oxidation of crossover H2.
134 Thus, the conventional method of subtracting

the subsequent CV as the baseline would lead to an underestimation of the ECSA due

to HOR current being subtracted from the CO oxidation current (overlapping gray

area in fig. 2.8 a and black dotted line in fig. 2.8 b). At the same time, the afore-

mentioned oxidation of the carbon support would lead to an overestimation of the

CO-stripping integral at potentials > 0.9VRHE (see black dotted line in fig. 2.8 b).

While in this case, the underestimation due to H2-crossover and the overestimation

due to a semi-irreversible oxidation current at high potentials would roughly balance

each other out (compare red solid line and black dotted line in fig. 2.8 b), this might

not always be the case and should therefore not be used as the standard procedure for

the evaluation of CO-strips on ultra-low-loaded electrodes. Instead, a linear baseline

should be used, whereby the potential window needs to be adapted for each catalyst.

36



2.2. Low-Roughness Factor MEA Measurements

Figure 2.8. CO-stripping measurement of an ultra-low-loaded (1.4 μgPt cm
–2
MEA) electrode (see

Section 3.1.2) with an active area of 5 cm2: a) CO-strip and subsequent CV recorded at 50mV s–1

with the CO-stripping current being integrated using a linear baseline (gray area); b) comparison
of the CO-stripping peak using a linear baseline (0.7 – 1.0VRHE) for the correction (red line) and
conventionally corrected for the second scan as the baseline (black dotted line); the measurements were
performed at 40 °C and 95% RH. Data adapted from Stühmeier and Pietsch et al. (see Section 3.1.2).25

Summary

While CO-stripping is a useful technique for the determination of the electrode rf, one

has to keep in mind that there is no one perfect way to evaluate the CO-stripping

integral. Even for conventional Pt/C catalysts that were discussed in the preceding

section, the CO-stripping might be affected by one or some combination of the following

factors: i) an insufficient availability of H2O for the oxidation of CO;89 ii) the purity

of the used gases; iii) the semi-irreversible oxidation of the carbon support; and iv) the

H2-crossover currents. It is therefore essential to consider these effects when choosing

the CO-stripping evaluation method. For CO-strips on Pt-alloy catalysts, additional

factors (e.g., transition metal dissolution or adsorption) might affect the measurements

and the evaluation might therefore be even more complicated. Finally, CO was found

to accumulate on the anode after CO measurements were performed or during a N2

purge of the anode. Thus, the anode should be polarized to > 0.8VRHE after CO

measurements were performed on the cathode and the number of anode purges should

be minimized during MEA measurements.

2.2.2. O2-Limiting Current Measurements

O2-limiting current measurements according to Baker et al.87 are by now a well estab-

lished method to determine the O2 mass transport resistances of a PEMFC single-cell.
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Hereby, O2 is diluted in N2 with oxygen concentrations (cO2
, dry fraction) in the range

0.5 – 21% to achieve a diffusion limitation. The total transport resistance (Rtotal
O2

) can

be calculated according to eq. 2.4 from the limiting current (ilim) by assuming a full

4 e– -reduction of O2 at low cell potentials (0.05 – 0.4V). Ideally, in the absence of

GDL flooding, ilim should be directly proportional to cO2
and independent of the po-

tential. Furthermore, by varying the pressure, Rtotal
O2

can be separated into a pressure

independent (RPI
O2

) and a pressure dependent (RPD
O2

) contribution, whereby the latter

is mostly associated with the molecular diffusion in the GDL and catalyst layer (see

eq. 2.5).87 On the other hand, RPI
O2

consists of various contributions, namely Knudsen

diffusion in the small pores of the catalyst layer and the MPL (RPI
O2

|rf→∞) as well as

the so-called local O2-transport resistance (R
local
O2

) that is a function of the rf and that

is often associated with O2-diffusion in the ionomer and liquid water phase; the latter

can therefore be determined by changing the electrode’s rf (eq. 2.6).31,34–36,52,53

Rtotal
O2

=
4 · F · cO2

ilim
(2.4)

Rtotal
O2

= RPD
O2

+RPI
O2

(2.5)

RPI
O2

= RPI
O2

|rf→∞ +
Rlocal
O2

rf
(2.6)

The limiting current measurements are based on the assumption that, firstly, the mea-

sured current is exclusively the result of the full 4 e– -reduction of all O2 molecules

reaching the catalyst surface and secondly, the resulting limiting current is poten-

tial independent. However, for high O2 concentrations and high pressures, this is

not always the case due to significant ohmic resistance contributions at high current

densities that result in a significant shift of the cathode potential and thus relevant

kinetic contributions (i.e., the currents are not fully mass transport limited, see Simon

et al.135,136). Similarly, at low O2 concentrations and low pressures, the currents at

0.05V are higher than one would expect due to a significant HER contribution (the

HER/HOR equilibrium potential is shifted to positive potentials due to the low partial

pressure of H2). Based on the works of Simon et al.,135,136 a measurement protocol

was established at the chair of Technical Electrochemistry (TUM) that was found to

work well for almost all MEAs. Hereby, the limiting current is recorded for 2 – 24%

O2 (7 points in total) and pressures of 170, 270, 350, & 500 kPaabs at voltages of 0.30,

0.15, 0.1, & 0.05V (see PhD thesis of J. N. Schwämmlein125).
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2.2. Low-Roughness Factor MEA Measurements

However, when this protocol is applied to severely degraded cathodes with an rf of

≈ 3 cm2
Pt cm

–2
MEA (see Section 3.3.2), the limiting current data are found to scatter

(compare only data points in the gray area in fig. 2.9). When the measurement is

repeated with data points recorded every 50mV, a pronounced ”Z-shape” form be-

comes visible, where the current first increases, then decreases, and finally increases

again upon going from 0.4V to 0.05V. Greszler et al.36 observed similar trends for

a low-loaded cathode (0.03mgPt cm
–2
MEA), which they attributed to a transition from

the typical 4 e– -reduction of oxygen (H2O formation) to a 2 e– -reduction (H2O2 for-

mation), which reduces the number of electrons per oxygen molecule and therefore the

mass transport limited current density.

Figure 2.9. Limiting current measurements in the potential range between 0.4V and 0.05V using O2

concentrations of 2% (gray), 4% (orange), 7% (green) and 11% (magenta) in N2 (on a dry gas basis) for
a cathode with an rf of ≈ 3 cm2

Pt cm
–2
MEA after 10,000 cycles of a square wave voltage cycling AST with

an upper potential limit of 1.0V and a vertex hold time of 8 s at 80 °C in H2/H2. The measurements
were performed at 170 kPaabs, 80 °C, and 95%RH using 2000 nccm H2 and 5000 nccm (O2 in N2)
on anode and cathode, respectively. For each concentration, the measurement was performed by
going from 0.4V down in potential, followed by going from 0.05V back up (repeated twice, direction
indicated by the arrows). The active area of the cell is 5 cm2.

This is consistent with RRDE measurements showing an increasing formation of H2O2

at low potentials with a decrease in ECSA.137 Obviously, this behavior creates an am-

biguity with regard to the determination of the “correct” limiting current density and

thus, limiting current measurements should be performed in 50mV steps in the full po-

tential range (0.05 – 0.4V), so that the development of the ”Z-shape” can be observed

and the data can be treated with the appropriate caution. Interestingly, when going

from 0.05V up to 0.4V, an offset (≈ 8% of the current in the downwards sequence)
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towards higher current densities is observed for all conditions between 0.15 – 0.35V

(see hystereses in fig. 2.9). The origin of this offset is yet to be investigated, but it is a

further indication that the Rtotal
O2

values obtained for electrodes with a low rf should

not be considered accurate.

Based on these observations, an optimized protocol for limiting current measurements

was developed. In order to ensure that deviations from the limiting current behavior

related to a 4 e– -ORR can be observed, the potential is recorded in 50mV steps

from 0.35V to 0.05V (the 0.4V point is often still affected by kinetics and therefore

unreliable). At the same time, O2 is limited to the four most reliable values (2%,

4%, 7%, and 11%) and the pressure range is reduced to 170, 270, and 400 kPaabs

to minimize the required measurement time. This procedure was found to be highly

reliable and capable of collecting all relevant data for a full oxygen transport resistance

analysis (for details see Section 3.3.2).

2.2.3. H2-Pump Measurements

H2-pump measurements on ultra-low-loaded electrodes are discussed in great detail in

Section 3.1.2. Thus, this section focuses only on aspects that were found to complicate

the execution of the experiments or the data evaluation, but that are not reported in

the experimental section of the publication.

Ideally, the OCV in H2-pump measurements should be exactly 0.0mV, as both elec-

trodes should experience the identical H2 partial pressure, temperature, and RH. How-

ever, in practice, this is not always the case, since the cathode and anode temperatures,

pressures, dew points, and flow rates are regulated mostly independently and each of

these control variables have a certain error tolerance. While some of these factors are

subject to random fluctuations during the measurement (e.g., the dew point and cell

temperature regulation over time), other factors result (at least partially) in system-

atic offsets that can be accounted for. One of these factors is that the cell temperature

is regulated by a single heating and cooling signal for both sides of the cell (i.e., both

sides see the same heating or cooling power) but both sides have their own heating

cartridge that might have slightly more or less power or a better/worse heat transfer

than the other side, resulting in a constant temperature offset. Since the H2-pump

measurements are extremely sensitive to these offsets, one should make sure that the

heating of both sides is as even as possible. Another factor is that the anode and the
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cathode have slightly different pressure drops, which might result in a Nernst-shift of

the OCV. To account for this, the cell inlet pressure for each side should be adjusted

to the intended cell pressure plus 1
2 of the difference between inlet and outlet pressure

(in the testing script, this adjustment can be implemented by an equation at the end

of the ”set condition”-script once the pressure drop has stabilized at the operating

conditions). Adjusting these two factors helps to reduce the OCV variations from

roughly ±3mV to ±0.5mV. The galvanostatic measurements at low current densi-

ties are performed to guarantee that a sufficient amount of data points are recorded

around the OCV. Finally, the remaining offset of the reversible potential can be cor-

rected by subtracting the x-intercept (zero current) of the micropolarization fit from

the measured potentials.

2.3. Optimized Procedure for 5 cm2 MEA

Characterization

Based on the findings reported in the previous section, the suggested protocol for an

efficient, fast, and artifact free characterization of 5 cm2 PEMFC single-cells is de-

picted in fig. 2.10 (for the individual procedures see Section 3.3.2).

There are some restrictions on the sequence of measurements that should be considered

when planning the experimental procedure. As mentioned above, the CO-stripping

characterization (or any other CO containing measurement) of the cathode results in

a poisoning of the anode by CO-crossover. Therefore, all CO involving measurements

should be considered as a single sequence block (even if this requires changing the

humidifier and cell temperatures, which should otherwise be avoided as much as possi-

ble) and after these measurements, it is essential to perform anode CVs. Additionally,

due to the presence of CO in the N2 (main) line, the anode should be purged with N2

exclusively before the anode CVs and all other purges of the cathode compartment

should be performed with a reduced flow of H2 (100 – 500 nccm) on the anode (de-

nominated as cathode purge). Furthermore, it was found in the study by Harzer et

al.52 that it matters in which order the polarization curves are measured, and thus

the polarization curves block (recovery, H2/O2, H2/air) should not be altered within

a study to ensure consistent results. Note that this indicates a (small but noticeable)

systematic ambiguity of the performance data related to the measurement procedure,

even when all other factors are kept constant. Finally, for the determination of the
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H2-crossover, two procedures are established in our group and the placement of these

procedures within the measurement sequence varies due to different cathode gas com-

positions (N2 vs. air, see Gasteiger et al.83 and Zihrul et al.,138 respectively).

Figure 2.10. Optimized procedure for the characterization and full voltage loss analysis of 5 cm2

PEMFC single-cells.

Obviously, the sequence of the measurements depends on the investigated system and

is subject to change when new or optimized testing protocols are established or in-

tegrated. Nevertheless, in order to ensure a fast and efficient characterization, the
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measurement sequence should generally be optimized with the following prioritization

from high to low (and considering the above mentioned restrictions): i) minimization

of gas changes that require a purge of the gas lines and the humidifier (i.e., between

the categories O2-containing, inert (N2 and CO-strip), and H2-containing); ii) mini-

mization of dew point temperature changes; and iii) minimization of cell temperature

changes.

Additionally, it is found that measurements conducted under fully humidified con-

ditions (100% RH ) in some cases result in the flooding of the cell due to the error

tolerance of the anode/cathode cell and dew point temperatures. This can poten-

tially lead to a blockage of some of the FF channels and a flooding of the catalyst

layer and the GDL, thereby introducing measurement artifacts. Due to the FF design

used in our group, with deep gas distribution headers at the gas inlets and outlets

(see fig. 2.11), it is extremely difficult to remove condensed water once a significant

amount has accumulated. Thus, it is highly recommended to perform measurements

exclusively below full humidification (≤ 95% RH ). Exceptions to this rule are the ac-

tivation/conditioning and the recovery steps that were found to be much less effective

at 95% compared to 100% RH.

Figure 2.11. Picture detail of fig. 1.1 showing the cathode FF and the 5-layer MEA. The deep gas
distribution headers at the gas inlet and outlet of the FF are highlighted in red.

As a final remark, in order to prove the general applicability of a chosen testing

protocol, publications/studies that establish new measurement protocols are typically

designed to cover a wider data space than what would strictly be required for the

evaluation of the measurements. Consequently, if one of these techniques is only to

be applied as part of the overall characterization of an MEA, rather than being the

main focus of a study, there is often significant potential for streamlining a protocol
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and reducing the required measurement time, while still maintaining all of the relevant

information. Nevertheless, the relevant fraction of the initial data space might vary

from system to system and it is therefore generally a good approach to use a more

comprehensive protocol in the initial phase of a study. This helps to gain the necessary

understanding of which data is actually required for the evaluation (e.g., the full

potential range in limiting current measurements). Once the relevant data is identified,

one should streamline the measurement protocol to avoid unnecessary data collection

(e.g., high O2 concentrations and pressures that were found to add no value to the

data evaluation), especially, when performing extensive long-term measurements or

many repetitions, where even 30min of gained measurement time can add up to days.

44



3. Published Work

The perspective and journal articles comprising this thesis are thematically grouped

into three categories. First, the measurement techniques that are commonly used to

assess PEMFC catalyst activity and durability will be discussed (see Section 3.1),

then novel catalyst concepts that employ metal oxides as support materials will be

explored (see Section 3.2), and finally the degradation of the cathode catalyst layer is

investigated (see Section 3.3).

3.1. Measurement Methods to Determine Catalyst

Activity/Performance

Choosing the right measurement method and knowing its capabilities and limitations

is essential for the investigation and evaluation of electrocatalysts. For proton ex-

change membrane based devices (PEMFC and PEMWE), the most representative

method for the investigation of the electrocatalysts is based on MEAs. However,

this is a time-consuming process that requires gram-quantities of catalyst as well as

expensive and complex measurement equipment. Thus, convective flow-based tech-

niques in aqueous electrolytes, such as RDEs,81,139,140 the floating electrode technique

(FET),26,141,142 and GDEs,26,48,93,143,144 are often used for the initial characteri-

zation of novel catalyst materials that are only available in milligram-quantities or

to qualitatively compare the activity and durability of several catalyst candidates for

MEA implementation. In the following section, the capabilities and limitations of the

two most commonly used techniques, RDE and MEA, for the investigation of PGM-

based electrocatalysts for PEMFC and PEMWE systems will be critically discussed.

Based on this assessment, a suitable measurement protocol for the investigation of

HOR/HER kinetics for PGM-based catalysts in an MEA will be established and used

for the evaluation of anode catalysts throughout this thesis.
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3.1.1. Investigation of PGM-Based Electrocatalysts by RDE vs

MEA

This section presents the perspective ”Capabilities and limitations of rotating disk elec-

trodes versus membrane electrode assemblies in the investigation of electrocatalysts”

that was accepted in March 2022 and published in May 2022 in Nature Catalysis.28

It is reprinted with permission from Nature Catalysis 2022. Copyright Springer Na-

ture Limited 2022. The permanent web-link to the article is https://doi.org/10.1038/

s41929-022-00776-5.

Cost-competitive PEMFCs and PEMWEs require highly efficient electrocatalysts for

the relevant reactions, namely the HOR/HER and the ORR/OER. The activity and

durability of these electrocatalysts is most commonly assessed using either RDEs or

MEAs, although more recently, FETs and GDEs have been established as bridging

techniques.26,48,81,92,140,142 This perspective critically discusses the capabilities and

limitations of the RDE technique applied to these four elementary reactions.28

Initially, the RDE and MEA setups are compared by highlighting the main differ-

ences between the techniques, namely the catalyst environment with respect to the

respective electrolyte and required amounts of catalyst, the experiment duration, the

dominant mass transport regime, and the electrolyte/catalyst ratio. Then, these criti-

cal differences are discussed regarding their non-reaction-specific implications for elec-

trochemical measurements. This includes the choice of the reference electrode (RE),

whereby the hydrogen electrode typically serves as the RE and the counter electrode

(CE) in the two-electrode setup of an MEA, whereas a dedicated RE is used in the

three-electrode setup of an RDE. Possibly the most fundamental difference between

the two setups is the prevailing mass transport mode for the gaseous reactants to the

active site: Although the solubility of O2 and H2 in the liquid electrolyte of an RDE

and the ionomer phase in an MEA is similarly low (≈ 1 – 3mmol L–1),145 the diffusion

length in an RDE setup is in the range of tens of µm,78 whereas in an MEA, the mass

transport occurs mainly in the gas phase and requires only diffusion through a nm-thin

film of ionomer.24 This leads to much lower accessible geometric and specific current

densities in an RDE setup for the gas consuming reactions (HOR and ORR) and to

artifacts by insufficient removal of gas bubbles in the case of gas evolving reactions

(HER and OER). Additionally, the vastly different electrolyte/catalyst ratios between
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the two setups result in differnt measurement sensitivities with respect to the source

and effect of contaminants: While an RDE setup is highly sensitive to contaminants

that can be induced by the experimental setup or by the electrolyte,81 MEAs are heav-

ily affected by contaminations coming from gas impurities (see also Section 2.2.1) and

the degradation of cell and catalyst components, because ionic degradation products

accumulate in the ionomer (see also Section 3.3.1).

Then, the reaction-specific limitations of the RDE setup are discussed. For the OER,

it is possible to obtain activities that are comparable to MEA measurements, as long

as sufficiently low loadings are employed.146,147 However, the OER catalyst lifetime

determined in half-cell measurements with a liquid electrolyte is ≈ 3 – 4 orders of

magnitude less than that measured in a PEMWE.147–150 Although there is still some

debate on the topic, we believe that the formation of microscopic bubbles is one of

the major reasons for the discrepancy in the stability results obtained from RDE and

MEA measurements.28,148,149,151

Since the hydrogen oxidation and evolution reactions are extremely fast in an acidic

environment, the slow mass transport limited rates in the RDE configuration make

it impossible to obtain reliable HOR/HER kinetic data of carbon supported PGM

catalysts this way, whereby even the HER is affected by H2 oversaturation and bubble

formation.85,152–155 Consequently, high mass transport setups, such as PEMFC-based

H2-pump measurements, are required for an accurate determination of the HOR/HER

kinetics and also of the durability of a Pt-based catalyst. This technique is discussed

in detail in the following subsection.

For the ORR in acidic electrolytes, mechanistic studies and trends in kinetics can be

determined by RDE experiments.79,81,82 However, in some instances, RDE-based ac-

tivities overestimate those in MEAs, due to issues in stabilization/utilization of the

active site and/or the enhanced negative effect of transition metal dissolution in the

MEA environment.9,16,26 However, a qualitative understanding of the ORR catalyst-

specific degradation mechanisms (ECSA loss, carbon support stability) can be gained

by RDE experiments, so that trends among different catalysts are also comparable to

those observed in MEAs when experimental conditions are adequately chosen.156–158

For a meaningful assessment of secondary degradation phenomena (e.g., transition

metal dissolution, electrode structural collapse), MEA testing is inevitable.123,159 The
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high current density performance of ORR catalysts in a PEMFC cannot be assessed

via the RDE technique, as it does not allow measurements at the relevant high specific

current densities. Therefore, the influence of catalyst (support) morphology and cata-

lyst/ionomer interaction on the high current density performance of an ORR catalyst

in PEMFCs can only be determined by MEA measurements, whereby an optimization

of these catalyst properties can result in up to 100mV higher PEMFC voltages at high

current densities.37,38,160

Finally, the discussed aspects for the OER, HOR, HER, and ORR regarding the trans-

ferability between RDE and MEA are summarized, whereby the main issues that pre-

vent comparable results are highlighted and, where possible, reliable protocols for RDE

and MEA measurements as well as possible alternatives using bridging techniques (e.g.,

GDE or FET based measurement configurations) are suggested.
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The electrochemical generation and conversion of hydrogen 
and its role as an energy vector are key elements in virtually 
all scenarios for decarbonizing future energy systems. The 

economic and ecologic viability of hydrogen in this context relies 
on the efficiency of two technologies: water electrolysis1, which gen-
erates hydrogen from electrical energy, and fuel cells, converting the 
chemical energy of hydrogen back into electricity, powering station-
ary and mobile applications2,3.

Fuel cells and water electrolysers can operate using acidic or 
alkaline electrolytes, with the techniques and methodologies used 
to study suitable electrocatalysts generally being the same in both 
environments. In this Perspective, we focus exclusively on acidic pro-
ton exchange membrane fuel cells (PEMFCs) and proton exchange 
membrane water electrolysers (PEMWEs), as the main challenges for 
anion exchange membrane systems are found in ionomer and mem-
brane durability rather than catalyst stability. In PEMFCs, hydrogen 
is oxidized by a platinum electrocatalyst at the anode (hydrogen oxi-
dation reaction (HOR)), which results in the generation of electrons 
and protons (equation (1)). Here, E° is the standard electrode poten-
tial versus the reversible hydrogen electrode (RHE). The protons 
migrate through a proton-conducting membrane towards the cath-
ode, which is also composed of Pt or a Pt-based alloy, while the elec-
trons move to the cathode through an external circuit, generating 
usable electricity. Reacting with protons and electrons at the cathode, 
oxygen is reduced (oxygen reduction reaction (ORR)), which results 
in the formation of clean water (equation (2))

H2
HOR
⇄
HER

2H+ + 2e− E◦ = 0V versus RHE (1)

O2 + 4H+ + 4e−
ORR
⇄
OER

2H2OE◦ = 1.23V versus RHE (2)

In PEMWEs, the above reactions proceed in the opposite direc-
tion: hydrogen is produced (equation (1)) at the cathode with the 

help of a Pt electrocatalyst (hydrogen evolution reaction (HER)), 
while oxygen evolves from water (equation (2)) on the anode side 
(oxygen evolution reaction (OER)) mediated by electrocatalysts 
based on Ir oxide or Ru oxide.

As both PEMFCs and PEMWEs use platinum group met-
als (PGMs) that are expensive and scarce, it is pivotal to develop 
highly active and reactant-accessible catalysts to lower the required 
amount of noble metals. Likewise, catalyst durability must be suffi-
ciently high to warrant the initial capital expenditure. The develop-
ment of such catalysts requires reliable methods for evaluating both 
activity and stability. Although the data most representative of fuel 
cell or electrolyser system performance are obtained by membrane 
electrode assembly (MEA) measurements, it is very common for the 
initial screening of newly developed catalysts, which are available 
only in milligram quantities, to use convective flow-based tech-
niques in aqueous electrolytes4. These include the rotating disk elec-
trode (RDE)5,6, the channel flow dual electrode7 and, most recently, 
the gas diffusion electrode (GDE)8,9. For RDE measurements, the 
technique most commonly used with aqueous electrolytes, only sev-
eral tens of micrograms of catalyst per square centimetre geomet-
ric electrode area are deposited onto the non-porous surface of a 
conductive substrate electrode (for example, glassy carbon and Au) 
embedded in the RDE holder (Fig. 1a,b)10. The rotation of the RDE 
establishes a well-defined diffusion layer of 5–50 µm, allowing the 
extraction of the kinetic parameters of the four fuel cell and elec-
trolyser reactions11.

In contrast, a five-layer MEA consists of a proton exchange 
membrane (PEM), anode and cathode catalyst layers, and gas diffu-
sion layers (Fig. 1c,d). The catalyst layers can be either laminated or 
spray-coated directly onto the membrane to form a catalyst-coated 
membrane that is then sandwiched by gas diffusion layers, or cast 
onto the latter to form gas diffusion electrodes, between which the 
membrane is sandwiched. For both methods, the five-layer MEA 
is finally sealed between two flow fields to form a single-cell unit. 

Capabilities and limitations of rotating disk 
electrodes versus membrane electrode 
assemblies in the investigation of electrocatalysts
Timon Lazaridis   1,2, Björn M. Stühmeier   1,2, Hubert A. Gasteiger1 and Hany A. El-Sayed   1 ✉

Cost-competitive fuel cells and water electrolysers require highly efficient electrocatalysts for the respective reactions of 
hydrogen oxidation and evolution, and oxygen evolution and reduction. Electrocatalyst activity and durability are commonly 
assessed using rotating disk electrodes (RDEs) or membrane electrode assemblies (MEAs). RDEs provide a quick and widely 
accessible testing tool, whereas MEA testing is more complex but closely resembles the actual application. Although both 
experimental set-ups allow investigation of the same reactions, there are scientific questions that cannot be answered by the 
RDE technique. In this Perspective, we scrutinize protocols widely used to determine the activity and durability of electrocata-
lysts, and highlight discrepancies in the results obtained using RDEs and MEAs. We discuss where the use of RDEs is appropri-
ate and, conversely, where it leads to erroneous interpretations. Ultimately, we show that many of the current challenges for 
hydrogen and oxygen electrocatalysts require MEA testing and advocate for its greater adoption in the early stages of electro-
catalyst development.
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These porous catalyst layers allow for efficient mass transport 
through the gas phase, and correspondingly, high limiting and 
Pt-specific current densities can be reached, albeit requiring gram 
quantities of catalyst powder. Also, such MEAs are time-consuming 
to manufacture, their electrochemical testing takes up multiple days 
per catalyst and further requires capital-intensive instrumenta-
tion capable of precisely controlling gas pressure, flow rate, relative 
humidity and temperature. Hence, the majority of novel catalyst 
designs are tested in RDEs, particularly in the early development 
stages, at small-scale synthesis.

In recent years, however, the challenges of transferring 
RDE-observed catalyst activity and durability to MEA experiments 
have moved into the limelight. This issue has been particularly 
prevalent in the ORR, where novel catalyst concepts, such as bime-
tallic, shape-controlled nanoparticles, displayed record activities 
in RDE experiments, but did not do nearly as well in MEA test-
ing. Conversely, the activity of PGM-based HOR catalysts is vastly 

underestimated in RDE experiments and only revealed in dedicated 
MEA measurements. In electrolysis, the transferability problem 
mainly concerns the RDE-obtained stability of Ir-based OER cat-
alysts, which is generally three to four orders of magnitude lower 
than what is observed in MEA experiments.

The development of standardized operating procedures, 
often validated across multiple laboratories, has played a key role 
in harmonizing RDE-obtained catalyst characterization4,12,13. 
Particularly for ORR catalysts, state-of-the-art and novel catalysts 
can be reliably benchmarked, and the trends in catalyst activities 
mostly reflect what is observed in MEA testing. Unfortunately, 
the absolute mass activities obtained from the two techniques 
still do not match well. Although standardized protocols are 
not as widely used for OER catalysts, their activities can be 
obtained using the RDE technique, typically measured by linear 
sweep voltammetry, and are comparable to those obtained from  
MEA measurements14.

b

RDE Set-up MEA

Aqueous electrolyte Environment H+-conducting ionomer

~1–10 mg (required)
~0.002–0.02 mgPGM cmgeo

–2 Catalyst amount
~0.2–2 g (required)

~0.02–0.5 mgPGM cmgeo
–2

Minutes to hours Experiment duration Days to weeks

10–80 °C (mostly room temperature) Temperature ~40–95 °C

~1 mmol lelectrolyte
–1 Gaseous reactant solubility ~1–3 mmol lionomer

–1

Liquid diffusion boundary layer Dominant mass transport regime Gas phase diffusion

<10 mA cmgeo
–2 Mass transport-limited current density >4 A cmgeo

–2

<10 mA cmPGM
–2 Maximum specific current density ~100 mA cmPGM

–2

~105 mol H+ molPGM
–1

~106 lelectrolyte  molPGM
–1

~0.1–1 molH+ molPGM
–1

~1–10 lionomer molPGM
–1Electrolyte/catalyst ratio

c
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GDL

GDE

GDL

GDE

CCM

PEM
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PEM CL GDL

a d

Fig. 1 | Comparison of the RDE and five-layer MEA set-ups. a, Local environment of an RDE working electrode (WE). b, Schematic of a three-electrode 
RDE set-up including a counter electrode (CE) and a reference electrode (RE). c, Five-layer MEA set-ups consisting either of a catalyst-coated membrane 
(CCM) sandwiched between two gas diffusion layers (GDLs) or a PEM between two GDEs. d, Local environment in an MEA, with the porous catalyst 
layer (CL) consisting of catalyst particles (black) and ionomer (light blue). The table summarizes typical specifications for the RDE and MEA set-ups 
(exceptions might apply).
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An alternative approach to reducing the gap between RDE 
and MEA catalyst performances is the introduction of techniques 
enabling high mass transport in liquid electrolytes while requir-
ing much smaller amounts of catalyst15. These include the use of 
microelectrodes (50-µm-diameter electrodes fixed on a PEM)16,17, 
the so-called floating electrode technique (FET, where the catalyst is  
cast onto a hydrophobic porous substrate floating on liquid elec-
trolyte)18 and GDEs (the electrode is placed at the liquid/gas 
interface)8,9,19, all of which are slowly being incorporated into elec-
trocatalyst research. Various recent publications provide direct 
comparisons of these bridging techniques with RDE and MEA 
measurements, demonstrating their suitability as accessible inter-
mediate techniques8,15,20. The RDE, however, remains the most com-
monly used technique so far.

Hence, in this Perspective, we lay out the capabilities and limi-
tations of the RDE technique applied to the four elementary reac-
tions of PEMFCs and PEMWEs. First, we highlight certain critical 
differences between the RDE and MEA set-ups, and consider their 
non-reaction-specific implications for electrochemical measure-
ments. We then scrutinize, for each reaction, which catalyst prop-
erties can be reliably determined in an RDE set-up, and whether 
correctly determined metrics can be projected from the RDE to the 
MEA level. Where possible, the reader is directed to established 
operating procedures that ensure an artefact-free extraction of 
catalyst characteristics from the RDE technique. In many instances, 
however, no adequate protocols exist. Therefore, through this 
Perspective, we aim to encourage a more widespread use of MEA 
testing in the earlier stages of catalyst development and, where this 
is unfeasible, to pursue the development of rigorous protocols for 
bridging high mass transport techniques in aqueous electrolytes.

Critical differences between RDE and MEA measurements
Certain properties intrinsic to RDE and MEA architectures system-
atically affect the evaluation of any electrocatalyst. As such, these 
considerations need to be taken into account for all four fuel cell 
and electrolyser reactions, and are discussed in this section.

Choice of reference electrode. While the standard potentials for 
the HOR/HER (equation (1)) and OER/ORR (equation (2)) reac-
tions are typically given versus the standard hydrogen electrode 
(SHE; defined at activity aH+ = 1 and pressure pH2 = 1,013 mbar), 
both equilibrium reactions involve protons as reactants or prod-
ucts. Thus, their equilibrium potentials undergo a Nernstian 
pH-dependent shift, albeit at an identical rate of 0.059 mV per unit 
of pH in both cases. The reversible hydrogen electrode (RHE) scale 
accounts for this by defining the HOR/HER equilibrium potential 
at the given electrolyte pH and at any temperature as 0 V versus 
RHE. Consequently, the OER/ORR equilibrium potential always 
remains at 1.23 V versus RHE independent of the electrolyte pH 
(at 25 °C). We therefore strictly recommend using the RHE as the 
potential scale when reporting activities for equilibria (1) and (2), as 
is commonly done in the fuel cell and electrolyser literature. In this 
context, a precise activity determination also mandates careful cali-
bration of the reference electrode, as potential errors of only 20 mV 
would correspond to a twofold change in activity for the reactions 
discussed here. Although this generally applies to all electrochemi-
cal set-ups, it is more easily achieved in an MEA, where the hydro-
gen side serves as both reference and counter electrode. The fast 
kinetics as well as the precise determination of the H2 partial pres-
sure and temperature ensure that the potential can be determined 
reliably on the RHE scale at all times (unless the hydrogen side is 
investigated or severely poisoned). In an RDE, other references that 
are highly sensitive to changes in ion concentrations or tempera-
ture, for example, Ag/AgCl or calomel electrodes, are often used. 
These require calibration versus RHE by measuring the HER/HOR  
equilibrium potential of a platinum electrode in a H2-saturated  

electrolyte due to their different pH dependency. Note that special 
caution must be taken when working in electrolytes with 2 ≤ pH ≤ 12: 
in this case, the local pH at the electrode surface of an RDE depends 
on the current density, which results in a current-dependent shift 
of the reversible potential for equilibria (1) and (2), so that no 
meaningful catalyst activities can be determined unless a buffered 
electrolyte is used21. In the absence of cationic contaminations (see 
below), a pH gradient cannot be formed in an MEA as the transfer-
ence number of protons is equal to 1 in the ionomer with the sulfo-
nate end groups being fixed in position22.

Governing mass transport limitations. Possibly the most funda-
mental difference between the two set-ups is the prevailing mass 
transport limitation (see table in Fig. 1), which has direct implica-
tions for the transferability of RDE results to an MEA environment. 
In MEAs, reactants reach the rather thick catalyst layer (5–20 µm) 
mainly by rapid gas phase diffusion through the flow fields, the 
gas diffusion layers and the pores of the catalyst layer, and only 
ultimately need to diffuse across a nanometre-thin film of iono-
mer covering the catalyst particles, where the solubility of O2 and 
H2 is reduced to 1–3 mmol l–1 (ref. 23). In contrast, the much thin-
ner catalyst layer (0.1–2 µm) in an RDE set-up is flooded by the 
liquid electrolyte, and hence the diffusion length for dissolved O2 
and H2 across the liquid diffusion boundary layer is in the range of 
tens of micrometres. For the gas-consuming reactions (HOR and 
ORR), this leads to much lower accessible geometric and specific 
current densities in an RDE set-up, preventing both meaningful 
assessments of HOR kinetics and high current density ORR per-
formance on PGM catalysts. When gas evolves during the OER and 
HER reactions, insufficient removal of gas bubbles can additionally 
affect the measurements by blocking the active sites. This has severe 
consequences for the reliability of activity and durability measure-
ments by RDE testing and requires special attention (detailed in the 
respective sections below).

The promise of the aforementioned bridging techniques (such 
as GDEs) lies precisely in their ability to closely resemble the local 
environment and mass transport pathways of an MEA, albeit at 
lower catalyst mass requirements and with a technical complexity 
comparable to the RDE technique (regarding these techniques and 
protocols, the reader is referred to the works of Pan et al.15, Schröder 
et al.8, Petzoldt et al.19 and Ehelebe et al.24).

Sources and consequences of contaminants. In the discussion 
of contaminants, three possible contamination effects need to be 
distinguished: contaminants that poison the catalytic activity (for 
example, CO, SO4

2−, Cl−, organic molecules or redepositing met-
als), contaminants that affect proton transport (mostly cations) and 
contaminants that accelerate degradation (for example, Fez+, Cu2+ 
or Cl−)4,25,26. It is possible that a contaminant might fall in multiple 
of these categories.

Contaminants can be introduced through a contaminated set-up, 
electrolyte or gas supply, or come from the degradation of the cata-
lyst and other cell components. The former case heavily affects RDE 
measurements due to the high electrolyte/catalyst ratio (see table in 
Fig. 1), where even tiny impurity concentrations can heavily poi-
son catalyst surfaces (the reader is referred to the work of Shinozaki 
et al.4 for details), although degradation products are inconsequen-
tial due to near-infinite dilution.

In contrast, MEAs are heavily affected by contamination coming 
from gas impurities and the degradation of cell components. Here, 
the difference in the relative proton inventories of the RDE and 
MEA environments results in a vastly more pronounced contami-
nation effect due to the dissolution of transition metal (TM) ions 
from the catalyst in the latter. Even small amounts of dissolved TMz+ 
ions can displace a substantial fraction of the protons in the iono-
mer phase of an MEA due to the very low electrolyte/catalyst ratio 
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(see table in Fig. 1), thereby lowering the ionic conductivity in both 
the catalyst layer and membrane. Most importantly, at high current 
densities, the potential gradient-driven accumulation of TMz+ ions 
in the cathode ionomer film can eliminate a substantial fraction of 
the protons in the cathode catalyst layer even at TMz+ concentra-
tions that do not yet reduce membrane conductivity. The associ-
ated increase in local pH shifts the cathode equilibrium potential, 
yielding an additional thermodynamic penalty of up to 400 mV, and 
currents become effectively proton transport-limited26–28.

It has been shown that the effect of catalyst poisoning can be 
simulated in an RDE by intentionally adding the respective con-
taminant to the electrolyte4,29. Estimating the expected degree of 
contamination due to catalyst degradation is also possible by ana-
lysing the concentration of metal ions in the liquid electrolyte, 
for example, by inductively coupled plasma mass spectrometry30. 
However, these experiments cannot adequately reproduce the pH 
gradient effects that are expected for a potential-driven accumula-
tion of TMz+ ions in the cathode catalyst layer, or secondary effects 
on the MEA performance, for example, ionomer degradation as a 
result of TMz+ ions catalysing the Fenton reaction26–28.

Oxygen evolution reaction
Electrocatalyst research in acidic water electrolysis focuses on the 
OER, where noble metal oxides, particularly IrO2-based materials, 
are currently being used due to their superior long-time stability31. 
Iridium, however, is very scarce and considerably more expensive 
than Pt, necessitating the development of catalysts with higher OER 
activity and lower iridium loadings. In identifying and validating 
a suitable catalyst design, both activity and long-term stability are 
equally critical.

Activity of IrO2-based catalysts. OER activities can be measured in 
liquid electrolytes using half-cell configurations with liquid electro-
lytes, such as the RDEs and flow channel approaches32–34, yielding 
estimated activities comparable to those obtained from MEA mea-
surements35,36. Even though some oxide-supported OER catalysts 
are not very conductive, the electronic conductivity of the catalyst 
layer has almost no effect on the RDE-determined OER activity, as 
the thin catalyst layer does not require substantial electronic con-
duction lengths. This may, however, become relevant in the thicker 
catalyst layers found in MEAs. Furthermore, when in contact with a 
porous transport layer (PTL) that passivates at high OER potentials, 
poorly conductive catalysts can display low performance due to 
the development of a contact resistance at the PTL–CL interface. A 
Pt-coated PTL was found to prevent the formation of such a contact 
resistance, maintaining proper overall performance37.

Stability of IrO2-based catalysts. OER catalyst stability measure-
ments can be performed in the MEA configuration, but it is not 
feasible to evaluate the long-term stability of OER catalysts under 
realistic conditions due to the already very long catalyst lifetimes of 
50,000–100,000 h in PEMWEs1. Therefore, accelerated stress tests 
(ASTs) have been devised either for cells with liquid electrolyte or 
for PEMWEs38,39. However, a frequent shortcoming of ASTs is that 
their exact acceleration factor is not known, so it is generally not 
possible to correlate the catalyst lifetime obtained from an AST with 
the lifetime in an actual electrolyser.

In half-cell measurements with a liquid electrolyte, OER cata-
lyst lifetimes are around three to four orders of magnitude lower 
than those measured in a PEMWE14,35,40,41. Several hypotheses for 
this discrepancy have been brought forward in the literature. First, 
an additional contact resistance at the catalyst layer/RDE substrate 
interface could form, possibly by passivation of the electrode sub-
strate38. Although it is advisable to use electrode materials that do 
not passivate at OER potentials, for example, Au or boron-doped 
diamond, rapid activity decay has also been observed on an Ir 

disk, where no catalyst layer/electrode substrate interface exists42. 
Furthermore, the observed activity decay could be prevented by 
electrolyte ultrasonication, indicating that the activity decay stems 
from a temporary effect rather than permanent passivation. Second, 
continuous oxygen evolution could deplete the OER-active species 
through the formation of an anhydrous Ir oxide, which was con-
cluded exclusively on the basis of RDE measurements43. If this 
depletion took place in a liquid electrolyte, it should similarly occur 
in an MEA configuration, resulting in comparably short catalyst life-
times, which have not been observed. Third, Knöppel et al. argued 
that the overestimated acidity in the anode catalyst layer in MEAs 
and stabilization over time are responsible for the catalyst lifetime/
dissolution discrepancy41. Lastly, oxygen microbubbles trapped at 
the surface of the RDE tip and/or within the catalyst layer could 
shield the catalyst’s active sites. Here, the blockage of the active sites 
forces a potential increase, which then induces catalyst degrada-
tion40. An argument against this finding is that the accumulation 
of microscopic oxygen bubbles could also take place in the MEA 
configuration, resulting in shorter catalyst lifetime. In a compara-
tive RDE and MEA study, bubble accumulation was observed in the 
MEA configuration as well, but to a much lesser extent; thus, it does 
not have the same detrimental effects on catalyst stability as in RDE 
or liquid cell tests14. The different extents of catalyst shielding by 
microscopic oxygen bubbles in the two configurations were attrib-
uted to the net water flux through the catalyst/membrane interface 
in the MEA configuration, in contrast to the RDE configuration14.

We believe that microscopic bubble formation is one of the 
major reasons for the discrepancy in catalyst lifetimes obtained 
from RDE and MEA measurements. In the following, we therefore 
describe how the trapping of evolved oxygen bubbles is consistent 
with the measurement artefacts found in various OER catalyst sta-
bility protocols. In general, such ASTs are performed using either 
constant current holds (chronopotentiometry), constant potential 
holds (chronoamperometry) or potential cycling. Although chro-
nopotentiometry is the most commonly discussed method in the 
literature when using liquid electrolytes, it produces the largest 
errors in catalyst lifetime determination compared with the other 
two methods. When a constant current density (j) is applied in an 
RDE set-up, the observed potential rapidly increases by one Tafel 
slope (TS; ~50–60 mV for the OER32,33) within a couple of minutes. 
This indicates that at least 90% of the electrochemically active sur-
face area, or electrode roughness factor (rf), is lost, that is, shielded 
by microscopic oxygen bubbles. Equation (3) describes this rela-
tionship, with η being the observed overpotential and j0 being the 
exchange current density.

η = TS×
[
log

(
j
j0

× 1
rf

)]
(3)

With increasing time at constant current, further 
shielding-induced potential increases take place, often by three to 
four TS values after several hours. The rapid increase in potential 
due to the shielding of active sites initially only reflects reversible 
performance decay rather than catalyst degradation, which can be 
recovered by Ar purging. However, when the potential increases 
beyond 1.7–1.8 V, irreversible catalyst degradation by dissolution 
occurs. Chronopotentiometry thus starts with reversible OER deg-
radation, but ultimately turns into irreversible degradation at high 
potentials, which would not occur in the absence of bubble accu-
mulation, that is, in an MEA configuration. Therefore, chronopo-
tentiometric OER catalyst stability measurements should strictly 
be limited to MEA tests, as no meaningful stability data can be 
obtained in liquid electrolyte cells.

The other two methods, chronoamperometry and potential 
cycling, do not exhibit the artefact-induced degradation that takes 
place during chronopotentiometry, as both keep the potential  
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under control. Nevertheless, the two methods result in irrevers-
ible degradation when applied to testing OER catalysts in liquid 
electrolytes, whereas the degradation is fully reversible in the 
MEA configuration. This discrepancy in catalyst degradation 
between the two techniques (RDE versus MEA) is still not under-
stood, and future investigations should focus on the cause(s) of 
this discrepancy and whether a meaningful stability protocol in 
liquid cells can be established.

Recently, Petzoldt et al. demonstrated a modified RDE (MRDE) 
method that is capable of directly testing catalyst-coated membranes 
using conventional RDE techniques. In this study, the formation of 
microscopic bubbles and their effects on three accelerated degra-
dation tests was investigated using RDE and MRDE19. In addition 
to confirming that the formation of microscopic oxygen bubbles 
is responsible for a major fraction of the apparent degradation in 
both RDE and MRDE, the authors successfully distinguished and 
quantified reversible degradation, due to active site blockage, and 
irreversible degradation, due to dissolution. The authors reported 
that 100% of the degradation is reversible when potential cycling or 
chronoamperometry protocols are applied using MRDE. When a 
square wave voltammetry AST was applied, however, only 50–60% 
of the degradation was reversible. The authors attributed the superi-
ority of the MRDE in testing OER catalyst stability to the vastly dif-
ferent morphology of the catalyst-coated membrane compared with 
the RDE catalyst layer, with efficient removal of the microscopic 
bubbles in the former technique.

We thus conclude that although OER catalyst activities derived 
from liquid electrolyte cells and thin-film electrodes reliably match 
MEA-obtained values, the use of such techniques to investigate cat-
alyst stability should be avoided. Conventional thin-film RDE ASTs 
display rapid reversible degradation, triggering subsequent irrevers-
ible degradation, which does not occur in MEA testing. Although 
several alternatives to the RDE technique have been proposed, 
such as GDEs and FETs, we consider MRDE the best low-tech 
set-up for testing OER catalyst stability because of its direct use of 
catalyst-coated membranes and its powerful capability to quantita-
tively delineate reversible and irreversible degradation in chrono-
amperometric ASTs8,19.

Hydrogen oxidation and evolution reaction
For acidic systems, the HER at the cathode of a PEMWE and 
the HOR at the anode of a PEMFC according to equation (1) are 
extremely fast, with exchange current densities (j0) of the order of 
~100 mA per cm2 platinum (~100 mA cmPt

–2) at room tempera-
ture44–46. Consequently, only small amounts of Pt (~0.025–0.05 mg 
platinum per cm2 geometric area (~0.025–0.05 mgPt cmgeo

–2)) are 
required to limit the HOR/HER overpotential to only a few mil-
livolts5,31,46. However, when using the RDE technique, exchange cur-
rent densities that are roughly two orders of magnitude lower have 
typically been reported44,45. This is due to slow mass transport-limited 
rates (jlim) in the RDE configuration, where the HOR voltage–cur-
rent density profiles directly follow the diffusion-limited current 
density rates (jdiff) arising from the Nernstian diffusion overpo-
tential (ηdiff; equation (4)) with the Faraday constant (F = 96,485 
C mol–1), the universal gas constant (R = 8.314 J mol–1 K–1, and the  
temperature (T))45,47.

jdiff=jlim
(

1− e−
2F
RT ηdiff

)

(4)

It has been shown that Pt/C, Ir/C and Rh/C all follow the same 
diffusion rate-limited HOR polarization curves in 0.1 M HClO4  
(Fig. 2a), even though their exchange current densities differ by a 
factor of 20 when determined from MEA-based H2 pump measure-
ments45. Similarly, no difference in the RDE-based HOR polariza-
tion curves could be observed even after poisoning 98% of a Pt(111) 

single crystal surface with calix[4]arene (Fig. 2b)48. These results 
clearly show that it is impossible to obtain reliable HOR/HER 
kinetic data for carbon-supported PGM catalysts from RDE mea-
surements in acidic electrolyte, unless the activity of the catalyst is 
at least two orders of magnitude lower than that of Pt/C.

When investigating HER kinetics, physical shielding effects due 
to bubble formation further complicate the interpretation of RDE 
results49,50, as discussed already for the OER, although the block-
age of active sites does not directly result in a loss in the observed 
current response due to the fast kinetics (Fig. 2b). As a possible 
solution, it has been suggested that an inverted RDE could be used 
to facilitate the fast removal of evolved gas51. However, even when 
the shielding effect could be mitigated by successfully removing all 
microbubbles, the limited mass transport of dissolved gases leads to 
an ~300-fold supersaturation at the catalyst surface before bubble 
formation50. For PGM-based catalysts, this results in a limitation of 
the HER current densities by the Nernstian diffusion overpotential 
rather than the kinetics as well49.

Many other high mass transport set-ups developed in recent 
years still yield underestimated HOR/HER kinetics when compared 
with the values obtained from MEA-based H2 pump measurements 
(Fig. 2c)45, thus indicating that these set-ups are still more affected 
by H2 mass transport than MEA measurements.

It is therefore highly preferable to investigate acidic HOR/HER 
catalysts by means of MEA measurements. Whenever this is not 
feasible, researchers should either use a GDE or FET set-up or, at 
a minimum, perform low-loaded (≤10 µgPt cmgeo

–2) RDE measure-
ments in alkaline electrolytes44,52, where HOR/HER kinetics are 
roughly two orders of magnitude lower and might give a reason-
able estimation of activity trends47,53. This has been rationalized by 
the universal pH dependency of the hydrogen binding energy54. 
However, it is yet to be determined whether this applies to all classes 
of HOR/HER catalysts.

In MEA testing, it should be emphasized that HOR/HER losses 
are limited to a few millivolts even when using electrode loadings 
of ~0.025–0.05 mgPt cmgeo

–2, and that therefore suitably low load-
ings must be used to investigate the HER/HOR performance of 
a catalyst. Otherwise, the contributions of the HOR/HER to the 
overall cell potential may fall in the same range as the expected 
variations between measurements, or the measured HOR/HER cur-
rents are actually transport limited rather than kinetically limited55. 
Lastly, durability measurements of HOR/HER catalysts cannot 
be performed by RDE measurements as it is impossible to evalu-
ate the loss of activity when the activity itself is concealed by mass  
transport limitations.

Oxygen reduction reaction
The development of catalysts for PEMFC systems has concentrated 
on improving the cathode activity due to the large ORR overpo-
tential contributing 300–400 mV to the overall voltage losses. Also, 
cathode performance must be maintained over the entire sys-
tem lifetime, especially when aiming for heavy-duty applications 
where PEMFCs compete with long-lived diesel engines (>30,000 h 
of operation)56. As recent reviews have highlighted the current 
state-of-the-art in ORR catalyst development in great detail3,15,57,58, 
this section is focused entirely on the experimental challenges 
involved in investigating Pt-based ORR catalysts using RDE and 
MEA techniques.

Activity and performance of novel Pt (alloy) catalysts. RDE stud-
ies have proven valuable for understanding the factors that lead to a 
high ORR mass activity, identifying the most active crystallographic 
facets and sites, and rapidly screening alloys and advanced catalyst 
structures with such properties. For typical Pt(alloy)/C catalysts, 
joint research efforts have given rise to standardized protocols that 
ensure reproducible RDE-based determination of ORR activity, 
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validated across different laboratories4,12,13. These works detailed 
meticulously, among many other factors, the importance of electro-
lyte purity, thin-film preparation and scan and rotation rates, and 
should be relied on for all ORR catalyst benchmarking. Note that 
although absolute activity values still do not match those obtained 
by MEA techniques, activity trends generally hold across both 
set-ups. Furthermore, the intrinsic catalyst activity can be gleaned 
more easily from RDE testing, as unrelated influences from the 
membrane or anode are excluded, making the RDE an essential tool 
for rapidly screening small sample quantities.

In recent years, optimizing the lattice strain and electronic effects 
of catalysts has enabled more than tenfold improvements in mass 
activity compared with state-of-the-art Pt/C catalysts, as demon-
strated by RDE measurements3,15,57,58. However, ORR mass activi-
ties are much lower when integrating such advanced materials into 
MEAs, typically improving mass activity by only a factor of three 

compared with Pt/C (refs. 3,15). The exact reason for these obser-
vations is a matter of ongoing debate2,59, but the main differences 
are found in the catalyst/electrolyte interface and the harsher condi-
tions in MEAs (such as higher temperatures and lower pH), under 
which the stabilization and utilization of optimized active sites 
proved challenging. In Pt alloys, the TM often de-alloys during test-
ing, which results not only in the loss of active sites but also in TMz+ 
contamination of the system. It has been shown for Pt alloy cata-
lysts that the discrepancy in the initial performances of the RDE and 
MEA measurements could partially be eliminated by pre-leaching 
the catalyst, which resulted in lower RDE activities but improved 
the MEA performance10. To obtain a more reliable estimate of 
potential performance improvements in MEAs, a leaching step that 
mimics fuel cell operation (for example, by stirring multiple times 
for ≥8 h in ≥0.5 M H2SO4 at ≥80 °C) is highly recommended before 
activity testing.
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Beyond standardized procedures, which have not reliably 
yielded matching RDE- and MEA-based activities so far, bridg-
ing techniques such as FETs and GDEs have opened a promising 
path to reconciliation. Comparative studies have shown that the 
ORR activities of Pt(alloy)/C catalysts obtained from FET and GDE 
experiments match MEA-based measurements owing to compa-
rable catalyst loadings, mass-specific current densities and mass 
transport phenomena9,20,60. Although these techniques have yet to 
be applied to those advanced catalyst designs that so far have not 
replicated their outstanding improvements in MEAs, their low cata-
lyst requirements and ease and speed of characterization make FETs 
and GDEs interesting candidates for intermediate techniques where 
single-cell testing cannot be realized.

Stability and durability of Pt (alloy) catalysts. Electrode durabil-
ity is mainly compromised by a loss of Pt surface area due to vari-
ous particle growth phenomena and Pt dissolution, as well as by a 
collapse of the carbon support following electrochemical oxidation. 
In both RDE and MEA investigations, a catalyst’s susceptibility to 
such degradation is assessed by ASTs, typically by cycling the elec-
trode potential within defined limits. What insights can such ASTs 
reliably generate? RDE ASTs play an essential role in the qualitative 
understanding of degradation pathways, particularly in conjunction 
with advanced characterization techniques. For example, coupling 
RDE ASTs with identical location transmission electron micros-
copy (IL-TEM) has provided visual evidence for Ostwald ripening, 

particle coalescence and detachment, as well as their prevalence as 
a function of potential window, particle deposition method and 
carbon support type61,62. This mechanistic understanding is fun-
damental for designing mitigation strategies. Quantifying catalyst 
degradation using RDE ASTs has been less successful despite the 
existence of standardized procedures defined by the United States 
Department of Energy (DoE) and the Fuel Cell Commercialization 
Conference of Japan (FCCJ). Among 20 studies employing the same 
DoE protocol, end-of-test activity retention was anywhere between 
0 and 84% of the respective beginning-of-test value63.

Caution must further be taken when projecting the degradation 
trends (or even rates) observed in RDE ASTs to established MEA 
ASTs56,64. Although upper and lower voltage limits constitute the 
primary characteristics of ASTs, degradation processes are highly 
sensitive to testing conditions and the local environment. RDEs are 
often operated at ambient temperature because temperature control 
requires additional hardware. Under these conditions, an RDE AST 
evaluating carbon corrosion on different supports found no differ-
ence in degradation rates, contrary to observations gathered in MEA 
measurements. The expected trends in carbon oxidation-induced 
loss of electrochemically accessible surface area (ECSA) only 
became apparent on increasing the temperature to 60 °C, demon-
strating that potential windows and scan rates alone are insufficient 
as control variables in ASTs65. Note that even at appropriate temper-
atures, RDE ASTs still cannot replicate the collapse of an oxidatively  
weakened carbon structure under the compressive force applied 
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to a single cell or stack, which is the predominant failure mode 
in start-up/shut-down-induced carbon corrosion66. The second 
important class of degradation tests, ASTs targeting the loss of Pt 
surface area, is strongly governed by the competing rates of Pt dis-
solution and redeposition. In aqueous electrolytes, the ionic mobil-
ity of Pt2+ is an order of magnitude higher than in a solid ionomer, 
making it easier for dissolved Pt to diffuse away from the catalyst 
layer. Equally, the rotation of the RDE tip during ASTs has been 
found to lessen Pt redeposition due to the forced convective flow, 
which is absent in MEAs67. Catalyst layer thickness, which is sub-
stantially greater in MEAs than in RDEs, has an opposite effect and 
is known to mitigate Pt loss because longer diffusion paths favour 
redeposition68. When comparing ASTs at identical temperatures, 
for example, 80 °C, these three factors lead to a systematic overes-
timation of ECSA loss in RDE experiments compared with MEA 
observations. Analogous to carbon corrosion ASTs, ECSA loss also 
exhibits an Arrhenius-type dependency on temperature (activation 
energy Ea = 28.6 kJ mol–1)69, and thus RDE ASTs carried out under 
ambient conditions typically underestimate degradation rates com-
pared with MEA ASTs run at 80 °C, despite the lower set-up-specific 
redeposition rates in RDEs.

Although no dedicated protocols to harmonize RDE and MEA 
ASTs exist so far, half-cell testing using GDEs might prove to be a 
suitable intermediate mimicking realistic MEA degradation rates. 
The elevated cell temperatures, thicker catalyst layers and ionic 
diffusion in a solid electrolyte closely resemble MEA conditions, 
and GDE ASTs have already demonstrated comparable rates of Pt 
particle growth68. However, GDE ASTs are still very much in their 
infancy, such that standardized protocols and degradation bench-
marks have yet to be established.

The difference in electrolyte type and diffusion rates also con-
cerns the fate of TM cations leached from Pt alloy nanoparticles 
(see above for details on contamination effects), which introduce 

a thermodynamic penalty and lead to currents that are effectively 
proton transport limited26,27. Importantly, established mitigation 
steps such as acid washing may not entirely prevent continuous 
leaching over the entire lifetime of the cell, even if beginning-of-life 
performance appears satisfactory28. This highlights the criticality of 
secondary degradation phenomena affecting cell components other 
than the catalyst itself. Holistic assessments of catalyst durability 
through MEA ASTs are therefore essential, both because degrada-
tion mechanisms are highly sensitive to stressors that are difficult to 
reproduce in an RDE, and because cation contamination plays an 
increasingly important role on longer timescales.

Mass transport-limited operation at high current density. 
Parallel to ORR activity improvements, fuel cell operation at high 
current density (>2 A cmgeo

–2) has been a high-priority research 
area throughout the past decade70,71. Performance in this regime is 
primarily governed by resistances related to mass transport, with 
a major contribution arising from local oxygen gradients at the 
active Pt surface. Normalizing the oxygen-limiting current density 
to the available Pt surface translates to a specific current density of 
30 mA cmPt

–2 for a typical MEA set-up (2 A cmgeo
–2, 0.1 mgPt cmgeo

–2 
and 70 mPt

2 gPt
–1). In contrast to the oxygen/air atmosphere in an 

MEA cathode, RDEs are strongly transport limited by oxygen avail-
ability in the liquid electrolyte, even at high rotation rates, which 
restricts the maximum geometric current density to approximately 
6 mA cmgeo

–2. Achieving the same Pt-specific current density in this 
set-up would require lowering the catalyst loading on the electrode 
disk to <0.5 µg cmgeo

–2. Such minute amounts of catalyst are highly 
susceptible to impurities and also unlikely to deposit as a homoge-
neous film, both of which would pose major challenges to experi-
mental reproducibility.

MEAs are much better suited to operating reliably at such high 
current densities, in both absolute and Pt-specific terms. Beyond 

Table 1 | Summary of the discussed aspects of the OER, HOR, HER and ORR reactions, regarding transferability between RDE and 
MEA, suggested protocols, the main issues that prevent comparable results and possible alternatives to MEA measurements

Reaction Aspect Transferability Protocol (RDE) Protocol (MEA) Main issues Alternatives

OER Activity Yes Alia et al.45 Alia et al.34, Fathi Tovini 
et al.14

• �Excessive potential  
cycling results in activity  
decay

MRDE19, GDE8

Durability No – Spöri et al.81 • �Blockage of active sites 
(bubble formation and 
passivation)

MRDE19

HOR Activity No – Stühmeier et al.55 • Mass transport limitation GDE52, FET44, 
alkaline RDE53

HER Activity No – Stühmeier et al.55 • Mass transport limitation
• Blockage of active sites

GDE52, FET44, 
alkaline RDE53

HOR/HER Durability No – – • Activity loss immeasurable –

ORR Activity Trends only Shinozaki et al.4
Kocha et al13.

Gasteiger et al.10 • Different local environment
• �Active site instability 

(advanced catalysts)

GDE, FET

Durability No (some 
trends)

Riese et al.65 DoE (Table P.1/P.2)56

Stariha et al.64
• �Dissolution/redeposition  

rates
• �Non-CL degradation not 

replicable in RDE

GDE (not yet 
standardized)

High current 
density

No – Baker et al.72

Ramaswamy et al.82
• �Different Pt-specific currents
• �Influencing factors hard to 

isolate in other set-ups

-
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simple polarization curves, robust diagnostic protocols allow quan-
tification of mass transport characteristics, that is, oxygen transport 
resistance and proton conduction resistivity, which have an outsized 
impact at low electrode loadings (<0.1 mgPt cmgeo

–2)72,73. This tool-
kit has enabled a comprehensive understanding of different voltage 
loss contributions to the overall performance. In particular, efficient 
mass transport has been found to hinge on Pt particle accessibility74 
and dispersion75, carbon pore morphology76–78, ionomer structure79 
and ink formulation with respect to solvent and water content80 
(depicted in Fig. 3a). Current state-of-the-art catalysts are the result 
of carefully optimizing such structure–performance relationships. 
As demonstrated in Fig. 3b, these factors may yield up to 70–90 mV 
in additional cell voltage at high current densities; this would be 
equivalent to an order-of-magnitude improvement in ORR catalyst 
kinetics, illustrating the importance of transport resistance optimi-
zation at high current densities. At the same time, the corresponding 
change in ORR overpotential does not reliably reflect either magni-
tude or direction of the cell voltage gains at high current density. 
Mass activities, evaluated by either RDE or MEA measurements, are 
therefore insufficient proxies for high current density performance. 
We thus deem catalyst layer design guided by MEA testing indis-
pensable for future breakthroughs in PEMFC power density.

Conclusions
The widespread commercialization of PEMFCs and PEMWEs hinges 
in no small part on further advances in electrocatalyst develop-
ment, achieving outstanding activity and durability with ever lower 
quantities of PGMs. Here, the ubiquitous use of the RDE technique 
to quickly characterize novel catalysts prepared from milligram 
amounts of material remains important in pre-selecting promising 
catalyst designs at scale, but catalysts must ultimately demonstrate 
their performance and durability in MEA testing, which very closely 
resembles the actual application. The projection of RDE-obtained 
results to MEA performance, however, often only applies to trends, 
but not absolute values. In certain instances, the RDE-based deter-
mination systematically leads to measurement artefacts instead of 
actual catalyst properties. This gap in transferability between both 
techniques poses a major obstacle towards the rapid integration of 
promising electrocatalyst designs into actual PEM systems.

In this Perspective, we have juxtaposed RDE and MEA set-ups 
and highlighted their fundamental differences. Key factors, such as 
the nature of the electrolyte, the local environment of the catalyst and 
the governing mode of mass transport, directly determine what can 
and cannot be reliably measured in an RDE set-up. We have provided 
a concise summary of RDE–MEA transferability and its limitations 
for the fundamental reactions of PEMFCs and PEMWEs in Table 1.  
Wherever possible, cross-validated testing protocols are recom-
mended to the reader, but their awareness is also brought to fields of 
study where those protocols do not (yet) exist or even may never exist 
due to the fundamental limitations of the RDE. Here, researchers 
should consider integrating MEA testing into earlier stages of catalyst 
development. Where this remains unfeasible due to prohibitively high 
time and capital requirements, method development and standard-
ized benchmarking of bridging techniques, such as FETs, MRDEs and 
GDEs, is a logical focal point for future research endeavours.
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3. Published Work

3.1.2. PEMFC-Based Hydrogen-Pump Measurements for the

Investigation of the HOR/HER Kinetics

This section presents the article ”Pressure and Temperature Dependence of the Hydro-

gen Oxidation and Evolution Reaction Kinetics on Pt Electrocatalysts via PEMFC-

based Hydrogen Pump measurements” that was published in June 2021 in the Journal

of The Electrochemical Society.25 It is an open access article published under the terms

of the Creative Commons Attribution 4.0 License (CC BY). The permanent web-link

to the article is https://doi.org/10.1149/1945-7111/ac099c. Additionally, the paper

was presented by Björn Stühmeier at the PRiME 2020 conference of The Electrochem-

ical Society (October 4-9, 2020, Abstract number: 2337).161

In acidic environment, the HOR/HER on Pt electrocatalysts is extremely fast, with

exchange current densities on the order of ≈ 100mAcm–2
Pt.

25,85,141,152,162 Conse-

quently, the RDE technique cannot be used to accurately determine the kinetics of

the HOR/HER on Pt catalysts due to mass transport limitations (see previous sec-

tion). Thus, kinetic data can only be obtained with experimental setups that provide

very fast mass transport, so that the effect of hydrogen partial pressure (pH2) and

kinetic limitations at high overpotentials are not yet fully understood. In this study, a

new protocol is established to investigate the effect of temperature and pressure on the

HOR/HER at low and high overpotentials, using a modification of earlier H2-pump

measurement procedures by Neyerlin et al.152 and Durst et al.85,163

By employing a combination of galvanostatic and potentiostatic hold periods that in-

clude EIS measurements on ultra-low-loaded electrodes (≈ 1 – 2 μgPt cm
–2
MEA), it is

possible to correct for changes in the HFR due to membrane dryout and to investi-

gate an apparent limitation of the HOR currents (ilim) at high anodic overpotentials

(> 100mVRHE). It is found that the HOR is heavily affected by this current limi-

tation already at low currents (< 10% of ilim). Especially at high temperatures and

low pH2
, the resulting Tafel-plots are highly asymmetric, i.e., Butler-Volmer fits with

the sum of transfer coefficients fixed to one (αa + αc = 1) for a Tafel-Volmer reac-

tion mechanism164–166 result in αa < 0.5. Analyzing a matrix of five temperatures

(30 – 90 °C) and four partial pressures of hydrogen (100 – 450 kPaH2
), it is found that

the apparent activation energy (EA,app) of the exchange current density increases with

increasing pressure. In analogy to a Langmuir-Hinshelwood mechanism,167,168 this is
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explained by a diminishing effect of the hydrogen adsorption enthalpy on the oxida-

tion of adsorbed hydrogen atoms on the Pt surface with increasing coverage at high

pH2
. A direct consequence of this increase in apparent activation energy is that the

reaction order with respect to pH2
increases with higher temperatures as well. These

results show that for PEMFC anodes with extremely low rf values, e.g., for severely

aged electrodes, raising the H2 partial pressure could significantly reduce the expected

HOR overpotentials, while an increase in the cell temperature has a diminishing effect

on the electrode performance.

Another important aspect of the study is the investigation of the current limitation

at high anodic overpotentials. We hypothesize that this limitation is either a shift of

the rate-determining step to a limitation by the Tafel-reaction, i.e., the dissociative

adsorption of hydrogen on the Pt-surface, or a mass transport limitation through the

ionomer film that covers the Pt nanoparticles. It is found that ilim is directly pro-

portional to pH2
and has a pressure independent activation energy of ≈ 20 kJmol–1.

Unfortunately, both hypothesized origins for the observed HOR current limitation

would yield the observed direct proportionality of ilim and pH2
,167 an activation en-

ergy in the range of 17– 20 kJmol–1,134,169 and absolute currents on the same order of

magnitude as measured in this study.134,145,170 Therefore, it is currently impossible

to determine which of the two mechanisms is responsible for the limiting current at

high anodic overpotentials, but it seems likely that both affect the measurements to

some extent.

Author contributions
B.M.S. and M.R.P. performed the H2-pump measurements and analyzed the data.

J.N.S. started the study and did an initial parameter investigation. B.M.S. and

H.A.G. wrote the manuscript. All authors discussed the results and commented on

the manuscript.
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The hydrogen oxidation and evolution reaction (HOR/HER) has been widely investigated due to its importance for a broad variety
of applications especially in electrolysis and fuel cells. However, owing to its extremely fast kinetics, kinetic data can only be
obtained with experimental setups that provide very fast mass transport, so that the effect of hydrogen partial pressure (pH2) and
kinetic limitations at high overpotentials are not yet fully understood. Here we report detailed kinetic investigations on the
temperature and pressure dependence of the HOR/HER kinetics on carbon supported platinum (Pt/C) using the PEMFC-based
H2-pump approach. By using ultra-low platinum loadings, we could show that the apparent activation energy of the HOR/HER on
platinum increases with increasing pH2, due to a diminishing effect of the hydrogen adsorption enthalpy with increasing coverage
by adsorbed hydrogen atoms on the Pt surface. Consequently, the HOR/HER reaction order with respect to pH2 also depends on the
temperature. We further observed that the HOR reaches a limiting current at high HOR overpotentials that showed a direct
proportionality to pH2 and a pressure-independent activation energy. We ascribe this to a limitation of the hydrogen adsorption rate
either by a rate limiting Tafel-reaction or mass transport limitations.
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One of the main challenges of the transition to renewable
energies is the development of efficient energy storage technologies
at relatively low costs. Here, water electrolyzers (ELs) and hydrogen
fuel cells (FCs) play a central role for the use of H2 as chemical
energy storage.1–3 The main performance limitation in both systems
are the sluggish reactions at the oxygen electrode, i.e., the oxygen
evolution reaction (OER) for electrolyzers and the oxygen reduction
reaction (ORR) for fuel cells. This is especially the case for acidic
systems based on proton exchange membranes (PEMs), where the
hydrogen evolution reaction (HER) on the cathode of a PEMEL and
the hydrogen oxidation reaction (HOR) on the anode of a PEMFC
according to Eq. 1 are extremely fast.4–6

⇄ + [ ]+ −H 2 H 2 e 12

Consequently, only small amounts of Pt (≈0.025–0.05 mgPt
cmgeo

−2) are required to limit the HOR/HER voltage loss contribu-
tion to only a few mV.1,6,7 At such low Pt loadings, however, even a
modest loss of electrochemically active surface area (ECSA) of the
hydrogen catalysts due to cell-reversal and start-up and shut-down
events can lead to a noticeable performance degradation.8,9 Although
the occurrence of these events can be reduced by system mitigation
strategies,10,11 a better understanding of the HOR/HER kinetics is
essential for accurate durability predictions and the development of
next generation system designs.

While the HOR/HER reaction rates on platinum and platinum
alloy catalysts in alkaline environment can be determined precisely
with rotating ring disk (RDE) measurements,12–14 this is not possible
at low pH due to the two orders of magnitude higher reaction rates
that by far exceed the slow mass transport limited currents afforded
by the RDE configuration.15–17 In recent years, new experimental
approaches have been developed, which allow for fast transport of
hydrogen to the catalyst, thereby enabling kinetic investigations at

low pH as well.4,5,15,17–22 Although a change in the hydrogen
binding energy (HBE) could therefore be identified as one reason
for the decrease in HOR/HER activity with pH,14,23 these studies
have highlighted an overall lack of fundamental understanding
at the mechanistic level of the HOR/HER, especially at high
overpotentials.

From a mechanistic point of view, Eq. 1 can be divided in a series
of two of the following elementary steps, where a surface adsorption
site (*) is required for hydrogen adsorption:24

+ * ⇄ [ ]Tafel reaction: H 2 2H 22 ad

+ * ⇄ + + [ ]+ −Heyrovsky reaction: H H H e 32 ad

⇄ ∗ + + [ ]+ −Volmer reaction: H H e 4ad

In order to unveil the overall reaction mechanism, it is necessary
to determine the electrochemical reaction parameters, i.e., the
exchange current density i0 (in A cmPt

−2), its activation energy EA

(in kJ mol−1), the anodic and cathodic transfer coefficients αa/c or
the Tafel slopes in mV decade−1, respectively, and the reaction order
with regards to the hydrogen partial pressure. Knowing these
parameters would allow to determine which set of the above listed
reactions establish the HOR/HER equilibrium, which of these
reactions constitutes the rate determining step (RDS), and how the
reaction mechanism might change with overpotential.24,25

Many studies in the literature have shown that close to the
equilibrium potential, the HOR/HER kinetics can be described by
the Butler-Volmer equation,4,13,15,17,21,26,27 which therefore is com-
monly used to describe the potential dependence of the HOR/HER
kinetics:24,28

− = ·( − ) [ ]
α η α η−

Butler Volmer kinetics: i i e e 5spec 0

F
RT

F
RT

a c

with ispec being the Pt surface specific current density (in A cmPt
−2),

i0 the exchange current density (in A cmPt
−2), αa/αc the anodic/

cathodic transfer coefficients, η the overpotential (in V), i.e., the
difference between the electrode potential and the equilibriumzE-mail: bjoern.stuehmeier@tum.de

=These authors contributed equally to this work.
*Electrochemical Society Student Member.

**Electrochemical Society Fellow.

Journal of The Electrochemical Society, 2021 168 064516



potential, F the Faraday constant (96,484 A s mol−1), R the universal
gas constant (8.314 kJ mol−1 K−1), and T the temperature (in K). To
a first approximation, a Tafel-Volmer (TV) reaction pathway with a
rate determining Volmer-step would result in a sum of the anodic
and cathodic transfer coefficients of one (αa + αc = 1), while the
Heyrovsky-Volmer (HV) mechanism would yield αa + αc = 2
(independent on whether Volmer or Heyrovsky are the RDS, as long
as the RDS is the same for the forward and backward reaction).29,30

However, a more rigorous analysis of the HV mechanism shows that
it does not strictly follow Butler-Volmer kinetics. Instead, the sum of
transfer coefficients changes from two to unity at higher over-
potentials with the exact occurrence of this transition strongly
depending on the equilibrium hydrogen coverage of the catalyst
and the relative rates of the elementary steps, so that the initial state
might not even be observed.25,28

While the HOR/HER mechanism has been excessively investi-
gated for decades, many older and even some recent studies on the
predominant mechanism of the HOR/HER in acid have erroneously
relied on kinetic parameters from RDE measurements,31–37 which
have been shown to be mainly affected by H2 mass transport
rates.15,16,22 The validity of these earlier studies regarding a
mechanistic understanding is therefore to be questioned. Most
commonly, HOR/HER kinetic studies based on experimental
approaches that allow for fast mass transport, a TV (Tafel-
Volmer) mechanism was used for the description of the HOR/HER
kinetics,4,14,15,17,18,23,38 while a predominant HV (Heyrovsky-
Volmer) mechanism was proposed by Zalitis et al.5 With increasing
overpotentials, however, the HOR/HER currents have been reported
to deviate from the Butler-Volmer behavior and to reach a limiting
current even under experimental conditions that allow for fast mass
transport; in these cases, the appearance of a limiting current has
been explained by a transition from a TV to a HV mechanism at high
anodic overpotentials,25,39 by a transition to a rate determining
Tafel-step,15,18,38 or by active site blocking.20

In this study, we report detailed kinetic investigations on the
temperature and pressure dependence of the HOR/HER kinetics on a
Pt/C catalyst using the H2-pump approach. After discussing the
observed differences in the measured HOR/HER currents between a
dynamic measurement approach (i.e., cyclic voltammetric scans),
and a static measurement approach (i.e., galvanostatic or potentio-
static conditions), i0-values are extracted for a broad matrix of
temperatures and H2 partial pressures in order to determine the H2

partial pressure (pH2) dependent activation energies and the tem-
perature dependent reaction orders with respect to pH2. These
findings will be critically discussed with respect to the underlying
reaction mechanism and the involved elementary steps. Furthermore,
the extensive set of data will be used for a detailed investigation of
the limiting current for the HOR at high overpotentials. Thus, the
activation energy and the pressure dependence of this limiting
current will be determined, followed by a critical discussion of the
implications to the reaction mechanism or possible mass transport
limitations.

Experimental

Hardware and experimental setup.—All hydrogen-pump mea-
surements were performed on a customized G60 test station
(Greenlight Innovation Corp., USA) modified to feature pure H2

instead of air/O2 on the cathode side; the normally present connec-
tion to a CO containing gas line for CO stripping analysis was
removed in order to eliminate the risk of unintended CO poisoning
(CO stripping analysis was thus conducted on a different test
station). The current range of the potentiostat (Reference 3000,
Gamry Instruments, USA) was extended by a booster (Reference
30 K Booster, Gamry Instruments, USA). All measurements were
carried out with a 5 cm2 active area single-cell hardware, using
commercial graphite flow fields (7 parallel channels, one serpentine,
0.5 mm lands/channels; manufactured by Poco Graphite, Entegris
GmbH, Germany, according to our design40). Gas diffusion layers

(GDLs) were the same in all experiments (H14C10, Freudenberg
KG, Germany) and the GDL compression was adjusted to 13 ± 0.5%
by quasi-incompressible, PTFE-coated fiberglass gaskets (Fiberflon,
Fiberflon GmbH & Co. KG, Germany), assembled at a torque of
12 Nm resulting in a contact pressure of ≈1.5 MPa on the active area
(for details see Simon et al.41).

Membrane electrode assembly (MEA) preparation.—MEAs
were prepared by the decal transfer method, using Vulcan carbon
supported platinum catalysts (Pt/C), namely 4.8wt.% Pt/C
(TEC10V50E, Tanaka, Japan) for the working electrode (WE) and
45.6wt.% Pt/C (TEC10V50E, Tanaka) for the counter electrode
(CE). For the catalyst inks, a defined amount of catalyst was mixed
with 1-propanol, ultrapure water, and ionomer solution (Asahi
Kasei, Japan, 700 equivalent weight). The water concentration of
the ink was 7wt.% (WE) or 16wt.% (CE), while the catalyst content
was 0.02 (WE) or 0.04 gcat mlink

−1 (CE), respectively. The ionomer/
carbon (I/C) ratio was fixed to 0.65 gI gC

−1 for all electrodes. The
inks were mixed by placing the bottles onto a roller mill at 60 rpm
for 18 h at 25 °C. Then, the Mayer rod technique (coating machine:
K Control Coater, RK PrintlCoat Instruments Ltd, England) with the
appropriate bar size was used to achieve loadings of ≈1.2–1.6 μgPt
cm−2

MEA (WE) and 400 ± 10 μgPt cm
−2

MEA (CE) on virgin PTFE
decals. The unsymmetrical MEAs were fabricated by hotpressing the
air dried decals onto a 12 μm membrane (Asahi Kasei Corp., Japan)
at 155 °C for 3 min with an applied pressure of 0.11 kN cm−2. The
platinum loadings were determined by weighing the decals before
and after the catalyst layer transfer using a high-precision balance
(XPE105, METTLER TOLEDO, USA); owing to the rather small
mass of the deposited catalyst layer for the ≈1.2–1.6 μgPt cm

−2
MEA

working electrode (≈0.21–0.27 mg electrode coating for the 5 cm2

active area), the error for the quantification of the Pt loading of
working electrode is estimated to be on the order of ±10%. This,
however, does not impact the precision of the determined exchange
current densities, since these are referenced to the electrochemically
active surface area (ECSA) obtained by CO stripping voltammetry
(see below). The thickness of the working electrodes ranges between
≈0.5–0.7 μm, based on the correlations given by Harzer et al.42

H2-pump measurement procedure.—In the H2-pump experi-
ments, the electrode with the very low Pt loadings (≈1.2–1.6 μgPt
cm−2

MEA) served as working electrode, while the electrode with the
high Pt loadings (≈400 μgPt cm−2

MEA) served both as counter
electrode and as reference electrode (due to the high Pt loadings, the
maximum overpotential of the working electrode at each pressure/
temperature condition is estimated to be ≈2 mV at the highest
current density). Thus, the working electrode potential is essentially
at 0 V vs the reversible hydrogen electrode (RHE) potential at the
given H2 partial pressure, with a maximum error of ≈2 mV at the
highest current density. Prior to any kinetic measurements, each cell
was conditioned to activate the catalyst. Due to the extremely low
loading of the WE, a standard conditioning in an H2/air setup did not
lead to a stable performance. Instead, a voltage-controlled ramp-in
procedure in a H2/H2 setup (80 °C, 90% relative humidity (RH), flow
rates of 2000/2000 nccm at a H2 partial pressure of 450/450 kPaH2)
was used, polarizing the working electrode to the following
potentials: +0.35 VRHE for 20 min, +0.75 VRHE for 5 min, 5 min
at open circuit voltage (OCV), −0.2 VRHE for 10 min, and finally
again 5 min at OCV. This sequence was repeated 10 times until a
constant performance was reached.

The HOR/HER kinetic measurements were then performed at
each combination of temperature (30 °C, 40 °C, 60 °C, 80 °C, and
90 °C) and partial pressure of H2 (100 °C, 200 °C, 300 °C, and
450 kPaH2) in H2/H2 (2000/2000 nccm) configuration at 90% RH
(note that cell pressure is controlled to a value corresponding to the
sum of the H2 partial pressure and the H2O partial pressure
calculated for 90% RH at a given temperature). At each condition,
cyclic voltammograms (CVs) were recorded between −0.3 VRHE

and 0.6 VRHE at scan rates of 100 mV s−1 (20 cycles) and 5 mV s−1
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(3 cycles), followed by a galvanostatic electrochemical impedance
spectroscopy (EIS) measurement at OCV with a 2 mA cmMEA

−2 AC
current perturbation between 500 kHz and 1 Hz (10 points per
decade) to determine the high frequency resistance (HFR; in mΩ
cmMEA

2). The HFR was used to correct the H2-pump cell potential
(Ecell) for the Ohmic drop in order to obtain the iR-free cell voltage
(EiR-free) that corresponds to the working electrode potential on the
RHE potential scale at the given H2 partial pressure:

= − · [ ]‐E E i HFR 6iR free cell

Here, i is the geometric current density (in A cmMEA
−2), which is

positive for the HOR and negative for the HER on the working
electrode. These potentiodynamic measurements were followed by a
set of galvanostatic and potentiostatic measurements. For galvano-
static measurements, a DC current was drawn for 60 s and the
resulting potential response was averaged over the last 10 s; this was
followed by an EIS measurement at the same current, with a current
amplitude of 10% of the DC current (from 500 kHz to 1 Hz, with 10
points per decade). These measurements were performed for currents
between ±0.0117 A cmMEA

−2 and ±0.074 A cmMEA
−2 in ascending

order (4 different DC current values) by alternating between anodic
and the corresponding cathodic current in order to precisely
determine the reversible potential at each condition.

Following these galvanostatic measurements, potentiostatic mea-
surements were conducted in the analogous manner by applying a
given potential for 60 s and averaging the resulting current during
the last 10 s, followed by a potentiostatic EIS at the same potential
using a potential amplitude of 1% of the DC potential (from 500 kHz
to 1 Hz, with 10 points per decade). The potentiostatic testing was
performed for potentials between ±5 mV and ±450 mV (cathodic
potentials only until −200 mV) in ascending order and alternating
between anodic and equal cathodic potentials. After each data point
(static hold plus EIS), a relaxation step of 5 or 60 s (after potentials
exceeding ±0.1 V) at OCV was implemented to ensure steady-state
conditions for the next point. Due to the limitations of the
potentiostat, data exceeding a total current of >30 A (corresponding
to >6 A cm−2

MEA) could not be recorded.
All measurements were conducted for five MEAs. The HOR/

HER curves were evaluated for each MEA and each condition
individually before averaging the obtained values over all MEAs
(error bars represent the standard derivation). Slopes represent an
error-weighted fit of the averaged data.

Surface area determination by CO stripping voltammetry.—
Due to the extremely low loadings, the voltammetric hydrogen under
potential deposition (Hupd) currents are severely overlapped by the
onset of the HER and by hydrogen crossover induced HOR. Thus,
the electrochemically active surface area (ECSA) was determined by
CO stripping voltammetry that was performed after all kinetic
measurements had been completed on a second G60 test station
(Greenlight Innovation Corp., USA) to avoid CO poisoning during
the H2-pump measurements (see above). CO stripping was done
according to a previously reported procedure42 by adsorbing CO
(using 10% CO in N2, 100 nccm) for 10 min at 40 °C and 150 kPaabs
while maintaining the cathode potential at 0.1 VRHE referenced to a
nominal hydrogen partial pressure of 100 kPaabs. Subsequently,
residual CO was removed from the cell and the gas lines by purging
with nitrogen for ≈2 h. A CV from the CO adsorption potential to
1.1 VRHE at a scan rate of 50 mV s−1 was performed to oxidize the
adsorbed CO. Two additional sweeps were recorded to verify the full
oxidation and removal of CO from the electrode and the gas feed
system. At the extremely low loadings used in this study, the
hydrogen crossover current of ≈0.18 mA cmMEA

−2 severely distorts
the CV shape, whereby the deactivation of the catalyst for the HOR
occurs in the CO stripping region (above 0.7 VRHE). Since CO
poisoning prevents the oxidation of crossover hydrogen,37 the
conventional method of subtracting the subsequent CV as the
baseline would lead to an underestimation of the ECSA due to
HOR current being subtracted from CO oxidation current (over-
lapping grey area in Fig. 1). Instead, the ECSA was determined by
integrating the area of the first anodic scan with a linear baseline
rather than using a baseline based on the subsequent CV, using a
specific charge of 420 μC cmPt

−2 (Fig. 1). The thus obtained Pt
surface area of the low-loaded 5 cm2 active area electrodes falls
within the range of 7.0 ± 1.5 cmPt

2, corresponding to a so-called
roughness factor (rf) within the range of 1.4 ± 0.3 cmPt

2 cmMEA
−2.

Based on the Pt loading determined by weight measurements
(ranging from 1.2–1.6 μgPt cmMEA

−2) and the rf value for each of
the working electrodes, the ECSA of the 4.8wt.% Pt/C catalyst of the
WE equates to 104 ± 10 m2 gPt

−1; this is in excellent agreement with
the ECSA of 104 ± 1 m2 gPt

−1 obtained for the same catalyst using
electrodes with a higher and therefore more precisely quantifiable
loading of 15 μgPt cmMEA

−2, validating the accuracy of the electrode
weight measurements. In comparison, the roughness factor of the
high-loaded counter electrodes is more than two orders of magnitude
higher (≈240 ± 30 cmPt

2 cmMEA
−2) compared to that of the low-

loaded working electrodes.

Results

H2-pump measurements.—In principle, kinetic data of electro-
chemical reactions can be determined either by potentiodynamic
measurements, i.e., cyclic voltammetry (CV) or linear sweep
voltammetry, or by steady-state measurements, i.e., potentiostati-
cally or galvanostatically measured polarization curves. The former
is most commonly done using RDE or micro-electrode measure-
ments, where the effect of ohmic resistances and mass transport
limitations is either constant throughout the measurement or very
well defined. The latter is most commonly done using fuel cell
measurements, where high current densities often lead to time
dependent effects like membrane drying or pore flooding. For
reactions with very fast kinetics like the HOR/HER on Pt, the
mass transport resistance in the RDE configuration is generally too
high to extract kinetic information from the data,4,15,16 and the so-
called H2-pump configuration (a PEM fuel cell with H2 fed to both
electrodes) in combination with ultra-low catalyst loadings on the
working electrode has been used, as it offers 3–4 orders of
magnitude faster mass transport rates compared to the RDE
configuration.4,15 In previous studies evaluating the HOR/HER
kinetics of Pt based catalysts using the H2-pump configuration or
other measurement techniques that offer fast mass transport rates,

Figure 1. CO stripping voltammogram (blue solid line, arrows indicating
the scan direction) and subsequent CV (black dotted line) of the Pt/C
working electrode (1.4 μgPt cmMEA

−2) recorded after the HOR/HER kinetic
measurements at a scan rate of 50 mV s−1 from 0.1 to 1.1 VRHE at 150 kPaabs
and 40 °C (constant flows of 200 nccm 5% H2/Ar on the CE and 5 nccm N2

on the WE). CO was adsorbed for 10 min at 0.1 VRHE at a flow of 10%
CO/N2 (100 nccm) prior to the CV, followed by a 2 h purging procedure with
N2 while maintaining the potential at 0.1 VRHE. To obtain the ECSA, the CO
stripping current was integrated using a linear baseline (grey area) and
converted to a corresponding Pt surface area using a specific capacity of
420 μC cmPt

−2.
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both the dynamic5,15,17,20,26 and the steady-state approach4,21 have
been used. Here, both approaches have been examined, namely CVs
recorded at 5 mV s−1 as well as a combination of galvanostatic and
potentiostatic measurements (Fig. 2).

As mentioned previously, the HOR/HER consists of a series of
two of the three elementary steps shown in Eqs. 2–4. Thus, the
possible reaction pathways are: (i) a Tafel-Volmer mechanism (TV),
meaning a dissociative adsorption of hydrogen onto the platinum
surface of the catalyst (Tafel reaction), followed by an electro-
chemical oxidation of the adsorbed hydrogen species (Volmer
reaction); (ii) a Heyrovsky-Volmer mechanism (HV), meaning a
partially oxidative adsorption of hydrogen (Heyrovsky reaction),
again followed by the oxidation of the adsorbed hydrogen species
(Volmer reaction); or, (iii) a combination of TV and HV. While a
Tafel-Heyrovsky mechanism (TH) is conceivable, it has been argued
to play no significant role.25 The overall reaction rate for both the
TV and the HV reaction sequences is generally assumed to follow a
Butler-Volmer kinetics expression (see Eq. 5) at low HOR/HER
overpotentials, i.e., close to the equilibrium potential.

Thus, an exponential relationship between the HOR/HER current
density and overpotential for the anodic/cathodic branches at high
overpotentials is expected. The potentiodynamic measurement (blue
line in Fig. 2a), which was corrected for the HFR at OCV according
to Eq. 6, clearly deviates from this behavior, as a distinct flattening
of the current density vs overpotential curve could be observed at
anodic/cathodic overpotentials exceeding an absolute value of
≈50 mV. On the anodic side, this flattening is much more
pronounced than on the cathodic side, expressed by a rather constant
limiting current plateau of ≈3–4 A cm−2

MEA (see right-hand y-axis
in Fig. 2) at high anodic overpotentials of ≈250–500 mV. The origin
of this limiting current density could be ascribed to two different
possible reasons: The first one would be a mass transport limitation

of the hydrogen reactant to the electrode, leading to a diffusion-
limited current density, analogous to what is observed in RDE
measurements.43 However, in the here used H2-pump configuration
recorded under differential-flow conditions (at 4 A cm−2

MEA, the
supplied H2 flow of 2000 nccm corresponds to a ≈14-fold H2

excess) with a H2 partial pressure of 100 kPa, the diffusion limited
current density through the GDL and the electrode is at least an order
of magnitude higher than the observed ≈3–4 A cm−2

MEA. The
second and at first glance more probable reason would then be a
change of the rate determining step (RDS) in the HOR kinetics. This
could, for example, be a switch of the RDS from a Volmer-step to
either a Heyrovsky-step (in a HV mechanism) or a Tafel-step
(in a TV mechanism). Considering that the current density seems
to reach a rather potential-independent plateau at high anodic
overpotentials,15 it is more likely that here the Tafel-step becomes
rate limiting (as proposed previously), as it is—other than the
Heyrovsky-step—a completely potential independent adsorption
process. The nature of this current limitation will be discussed in
detail below.

In addition to the obvious current limitation in the HOR branch,
the potentiodynamic data show a significant hysteresis between the
anodic and cathodic scan direction. Although most obvious at high
anodic overpotentials, this hysteresis can already be observed for
small overpotentials in the micropolarization (MP) region, i.e., at
small overpotentials between ±10 mV (inset in Fig. 2a), resulting in
slightly different slopes between the anodic-going and the cathodic-
going scans. This hysteresis has already been reported in previous
publications,5,15 yet its origin is unclear. Due to the dependency on
scan direction and scan rate (data not shown), the hysteresis is most
likely caused by time and/or potential dependent effects, which
could include significant dryout of the membrane over the course of
the CV, differences in the local MEA temperature evolving at high
current densities and high overpotentials (thus depending on the scan
direction), and/or a hysteresis in anion adsorption or hydrogen
coverage.5

In order to determine whether the observed difference between
anodic and cathodic scans is a time dependent effect, the HOR/HER
kinetics were also measured using steady-state polarization experi-
ments. Here, a series of galvanostatic holds at low current densities
(i.e., at low overpotentials) and potentiostatic holds at overpotentials
of ⩾+5 mV or ⩽−5 mV were applied for 60 s hold periods
(averaging the resulting potential or current over the last 10 s),
whereby anodic and cathodic currents/potentials were applied in an
alternating fashion (see Experimental section). This approach
allowed for an equilibration of the potential/current response and
of the local MEA temperature at any given current/potential and,
more importantly, made it possible to determine the HFR at the end
of each current/potential hold, thus resulting in a more accurate
estimation of the actual HOR/HER overpotential (η) via Eq. 7 (note
that this is not possible for the above discussed potentiodynamic
scans):

η = ( ) = − · ( ) [ ]−E E E i HFR E 7iR free cell

The thus acquired current densities as well as the HFR vs η (i.e.,
vs ‐EiR free) are shown by the black circles in Figs. 2a and 2b,
respectively. Note that previous studies have corrected the potential
additionally for the effective proton sheet resistance (RH+

effective; in
mΩ cmMEA

2) via Eq. 8:4,15,44
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where the electrode’s proton sheet resistance (Rsheet) is estimated
from the RH and temperature-dependent ionomer conductivity (σH+,
in S cm−1), the electrode’s ionomer volume fraction (εi), and the
electrode thickness (δcl, in cm). For the low-EW ionomer used in this
study, with σH+ ≈0.3 S cm−1 at 80 °C and 100% RH,45 an effective
proton sheet resistance of only ≈0.3 mΩ cmMEA

2 is obtained for the

Figure 2. Representative hydrogen oxidation and evolution polarization
curves on a Pt/C working electrode (1.4 μgPt cmMEA

−2; rf = 1.5 cmPt
2

cmMEA
−2) in a H2-pump configuration at 80 °C, 100 kPaH2, 90% RH, and

2000/2000 nccm H2. (a) Specific current densities (left-hand y-axis) and
geometric current densities (right-hand y-axis) vs EiR-free (see Eq. 6) recorded
by cyclic voltammetry at 5 mV s−1 (blue solid lines) and by galvanostatic/
potentiostatic measurements (black symbols, averaged over the last 10 s of a
60 s hold period), alternating between anodic and cathodic polarization (see
Experimental section). The inset shows the micropolarization region (EiR-free

= ±10 mV) and a corresponding linear fit for the galvanostatic/potentiostatic
measurements according to Eq. 9. (b) Corresponding HFRs used for the iR-
correction of the cell potential, recorded at OCV (i.e., at 0 V) for the CV
based measurement (blue diamond) and at each data point for the galvano-
static/potentiostatic measurements (black circles). The Pt/C counter electrode
Pt loading was ≈400 μgPt cmMEA

−2.
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low-Pt-loaded working with a thickness of ≈0.5 μm (εi = 0.2).4

Since this would result in an error of only ≈2 mV at the highest
current densities and is much smaller than the observed variation in
the HFR measurements, the contribution of RH+

effective was ne-
glected in this study.

Regarding the current density vs overpotential response, the same
current limitation of the HOR at high overpotentials could be
observed for this galvanostatic/potentiostatic experiment (black
symbols in Fig. 2a) as in the potentiodynamic experiments (blue
line). While the galvanostatic/potentiostatic data followed the
cathodic branch at least in the micropolarization region (see inset in
Fig. 2a), they started to deviate for higher positive overpotentials,
resulting in a current density vs overpotential response that lies in
between the potentiodynamic response of for anodic and cathodic
scans. Despite the alternating anodic/cathodic polarization in the
galvanostatic/potentiostatic approach, a smooth current density vs
overpotential response was obtained, suggesting that the hysteresis
in the potentiodynamic measurements is most likely due to time
dependent effects (i.e., due to insufficient equilibration time at each
potential). While the HFR at 0 V is the same for both measurement
approaches (see Fig. 2b), the HFR values acquired in the galvano-
static/potentiostatic experiments start to increase significantly at
higher anodic/cathodic current densities or overpotentials, increasing
by 7 mΩ cmMEA

2 at an anodic overpotential of ≈0.3 V. This change
in HFR is neglected when using the potentiodynamic measurement
approach and, as a consequence, the HOR/HER overpotentials are
overestimated in this case. The importance of this individual HFR
correction at each current density becomes obvious when looking at
the cathodic HER branch: while the potentiodynamic approach
showed a distinct flattening of the current vs overpotential response
that could be interpreted as a change in the RDS of the HER, this
effect is not any more apparent for the galvanostatic/potentiostatic
measurements with proper HFR correction. Thus, such inaccurate
accounting of the HFR correction could lead to a misinterpretation of
the reaction kinetics. Therefore, the galvanostatic/potentiostatic
measurement procedure that allows for an equilibration of the
reaction system and for a more precise HFR correction was chosen
for the evaluation of the HOR/HER kinetics in this study.

The specific HOR/HER current densities of representative
galvanostatic/potentiostatic measurements are depicted in the form
of Tafel plots in Fig. 3 (upper panels) for different temperatures and
pressures, whereby the overpotentials were determined from the

measured HFR values (lower panels) by means of Eq. 7. The Tafel
plots in the upper panels of Fig. 3a (100 kPaH2) and Fig. 3b
(450 kPaH2) show that the current density increases with increasing
temperature due to faster reaction kinetics. Both the anodic and
cathodic branches of the Tafel plots follow the Butler-Volmer
equation at low overpotentials (lines in Fig. 3; the details of the
fitting procedure are given below). In the HER branch, the kinetic
data closely follow the Butler-Volmer fits over the entire measured
potential interval, indicating that the associative desorption of
hydrogen from the catalyst surface (Tafel reaction) is much faster
than the proton reduction (Volmer reaction). On the other hand, the
kinetic data in the HOR branch all exhibit the above discussed
limiting current at high overpotentials (orange highlighted areas),
which clearly increases with temperature and hydrogen partial
pressure. Furthermore, the deviation of the kinetic data in the
HOR branch from a simple Butler-Volmer relationship occurs
already at rather low overpotentials, especially for low H2 partial
pressures (see Fig. 3a). This is most apparent when comparing
different partial pressures at the same temperature (Fig. 3c), where
the HER currents increase only slightly with pH2, while the HOR
currents increase significantly, thus leading to much more symme-
trical Tafel plots at high H2 partial pressures. This gradual increase
in HOR activity with hydrogen partial pressure correlates well with
the assumption of a Tafel-limitation at high overpotentials: an
increase in pH2 leads to an increased rate of the Tafel reaction,
resulting in a higher limiting current and delaying the change of the
RDS from the potential-controlled Volmer reaction to the potential-
independent Tafel reaction. The high asymmetry between the anodic
and cathodic branches at small hydrogen partial pressures indicates
that already at small overpotentials there is a significant effect of the
apparently comparably slow dissociative hydrogen adsorption for
the HOR, while the associative hydrogen desorption does not seem
to limit the HER in the observed potential range.

As stated above, the HFR values were used to calculate the HOR/
HER overpotentials (see Eq. 7), so that a variation of the HFR with
the current density at any given operating conditions critically
affects the kinetic analysis. While the HFR (bottom panels of
Fig. 3) generally decreases for higher temperatures due to a higher
proton conductivity of the membrane, an increase of the HFR is
observed with higher overpotentials for all conditions. This HFR
increase goes along with the higher current densities measured at
higher overpotentials, so that it is more pronounced for

Figure 3. Kinetic current densities for the hydrogen oxidation and evolution reaction (top panels) and corresponding HFRs (bottom panels) of a representative
MEA: temperature dependence at (a) 100 kPaH2 and (b) 450 kPaH2, as well as (c) H2 partial pressure dependence at 80 °C (all data at 90% RH and 2000/2000
nccm H2). The data points used (filled symbols) and excluded (open symbols) for the shown Butler-Volmer fits (lines) represent the average over the last 10 s of a
60 s galvanostatic/potentiostatic hold period (see Experimental section). The selection criteria for data to be included in the Butler-Volmer fits are: (i) a less than
1 mΩ cmMEA

2 HFR increase for the HER data; (ii) a current density of less than 10% of the limiting current density (orange shaded area) for the HOR data.
Furthermore, the sum of the transfer coefficients in Eq. 5 was fixed to one (i.e., αa + αc = 1). The Pt/C working and counter electrode Pt loadings are 1.4 μgPt
cmMEA

−2 and ≈400 μgPt cmMEA
−2, respectively.
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measurements at elevated temperatures and hydrogen partial pres-
sures, as these resulted in higher current densities at a given
overpotential. As the current density increases, the higher proton
flux through the membrane leads to a higher water flux via
electroosmotic drag, which in turn leads to a partial dry-out the
membrane that results in an increase of the HFR.46

H2-pump data analysis.—To obtain the kinetic parameters of the
HOR/HER, the following kinetic analysis was performed individu-
ally for each tested MEA (five in total), and the extracted kinetic
parameters for each MEA and test condition (exchange current
densities, transfer coefficients, etc.) were then averaged, rather than
fitting the averaged data points from all MEAs. This was considered
more accurate, since differences between individual MEAs with
regards to roughness factor or HFR can be accounted for easily and
accurately in individual measurements, but would introduce uncer-
tainties in overpotential when averaging over measurements with
multiple MEAs.

The exchange current density i0 has been obtained by fitting the
data using the Butler-Volmer equation (Eq. 5). To limit the effect of
the HOR limiting current on the kinetic evaluation, only data points
with a current density of less than 10% of the corresponding limiting
current density were used for fitting; where the limiting current
density could not be determined due to exceeding the current
limitation of the potentiostat (30 A, corresponding to 5 A cm−2),
the limiting current density was estimated using its dependence on
the hydrogen partial pressure discussed in the last part of this work.
Additionally, all data points with an HFR increase of more than
1 mΩ cmMEA

2 compared to the average HFR within the range of
± 20 mV were excluded from the fit in order to ensure that the
correction of the potential for the Ohmic drop was accurate under the
relevant measurement conditions. Data points considered for a given
Butler-Volmer fit are depicted as full symbols in Fig. 3, whereas data
points that were excluded from the fit are depicted as open symbols.
In order to obtain physically meaningful fits, the values of the anodic
and cathodic transfer coefficients αa and αc of the Butler-Volmer
equation need to be constrained in some way. For example, the sum
of αa and αc can either be unity in the case of a Tafel-Volmer
mechanism or a maximum of two in the case of a Heyrovsky-
Volmer mechanism.28–30 For the presented data, only fits with a sum
of transfer coefficients of one (αa + αc = 1) represented the data
reasonably well, thus further confirming a predominant Tafel-
Volmer mechanism. In previous publications by our group, the
Butler-Volmer fitting of the HOR/HER kinetic data was furthermore
limited to a symmetrical behavior, where both transfer coefficients
were fixed to the value 0.5, assuming that both the anodic and
cathodic parts of the reaction would behave symmetrical with
regards to the overpotential.15,17 To account for the obvious
asymmetry in the Tafel-plots shown in Fig. 3, a higher degree of
freedom with the sum of transfer coefficients only being fixed to one
was chosen in this study, as this type of fitting represented the data
much better even for data points that were excluded from fitting (see
fitted curves in Fig. 3), and since we could not find an convincing
explanation as to why the anodic and the cathodic branch of the
reaction should be strictly symmetrical under all conditions. The
obtained values for the exchange current densities are reported in
Table I, while the anodic transfer coefficient are summarized in
Fig. S1 (available online at stacks.iop.org/JES/168/064516/mmedia)
in the SI, showing that the HOR/HER becomes more symmetrical at
higher partial pressures of hydrogen and at lower temperatures, as αa

approaches 0.5 under these conditions. To increase the comparability
to other studies, all fits and data analysis were also performed using
symmetrical transfer coefficients fixed to a value 0.5 (Figs. S2, S3
and S4).

Additionally, the micropolarization region (inset in Fig. 2) close to
the HOR/HER equilibrium potential (η = ±10 mV), where the overall
influence of any mass transport limitations should be negligible, was
fitted using the linearized form of the Butler-Volmer equation for

small overpotentials:28
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Here, the exchange current density can be obtained from the
slope in the current-potential plots when the sum of transfer
coefficients is known. For the reader’s convenience, the obtained
exchange current densities from the BV-fits with the constraints of
either αa + αc = 1 or αa = αc = 0.5 as well as of the
micropolarization (MP) fit with the constraint αa + αc = 1 are
compared in Table SI in the SI.

To investigate the temperature dependency of the HOR/HER, the
apparent activation energy EA,app (in kJ mol−1) of the exchange
current density for any given H2 partial pressure can be determined
according to:
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Figure 4 shows the Arrhenius plots of i0 vs T
−1 for different pH2

values, either for the exchange current densities determined from the
micropolarization region assuming αa + αc = 1 (open symbols and
dashed lines) or from the asymmetric Butler-Volmer fits with αa +
αc = 1 (filled symbols and solid lines). As could already be seen
from comparing the i0-values in Table SI, the difference in the
differently deduced i0-values is rather negligible. Both data sets
follow straight lines in the Arrhenius plot and, within the experi-
mental error, yield the same apparent activation energies (see
Table I). In comparison to previous publications that determined
the HOR/HER kinetics by the H2-pump approach, it can be seen that
the here obtained i0 value at 80 °C and 100 kPa H2 (red open star in
Fig. 4) is essentially identical with that reported by Neyerlin et al.;4

on the other hand, the exchange current densities between 40 °C–
80 °C and 100 kPa H2 reported by Durst et al.15 (see turquoise
crossed squares in Fig. 4) are ≈1.5–3 times lower and yielded a
significantly lower activation energy of ≈16 kJ mol−1 compared to
the ≈25 kJ mol−1 measured here. Interestingly, the former also used
a static measurement approach (galvanostatically controlled in their

Figure 4. Pressure-dependent Arrhenius plots of the i0-values of the HOR/
HER on Pt/C determined in this work with the H2-pump setup and fitted from
the BV-equation with the constraint αa + αc = 1 (filled symbols and solid
lines; i0-values listed in Table I) and the micropolarization equation with the
constraint αa + αc = 1 (open symbols and dashed lines; i0-values listed in
Table SI) between 30 °C and 90 °C (averaged over five MEAs). The
H2-pump based measurements at 100 kPaH2 from Neyerlin et al.4 (red open
star) and from Durst et al.15 (turquoise crossed squares; from BV-fitting with
the constraint αa = αc = 0.5) are given for comparison.
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case) as performed in this study, whereas the latter used a
potentiodynamic approach (at 2 mV s−1), which may (at part) be
the reason for the lower exchange current densities and the lower
apparent activation energy reported in the latter. However, the most
striking observation from the Arrhenius plots in Fig. 4 is that the
slope of the fitting lines increases with increasing hydrogen partial
pressures, equating to an increase of the apparent activation energy
from 24.6 ± 2.8 kJ mol−1 at 100 kPaH2 up to 33.9 ± 1.0 kJ mol−1 at
450 kPaH2 for the BV-fitting based data reported in Table I (this
trend is only slightly smaller when based on the MP-fitting, with
25.4 ± 3.3 kJ mol−1 at 100 kPaH2 increasing to 33.3 ± 1.1 kJ mol−1

at 450 kPaH2). Thus, the HOR/HER kinetics exhibit an apparently
non-constant activation energy, which increases gradually with
hydrogen partial pressure.

Discussion

In the following, we will more closely examine the possible
origin of the H2 partial pressure dependence of the activation energy
of i0 deduced from Fig. 4 and given in Table I, determine the
reaction order of the HOR/HER kinetics with respect to H2 partial
pressure, and discuss two different mechanisms that could lead to the
observed limiting current for the HOR at high anodic overpotentials.

H2 partial pressure dependence of the activation energy.—At
first glance, the H2 partial pressure dependence of the activation
energy of i0 (see Table I) at low anodic and cathodic overpotentials
is surprising, since the rate determining Volmer reaction does not
involve gaseous H2 and would thus be expected to be independent of
pH2. However, when considering that the presumed rate determining
Volmer reaction is preceded by a Tafel reaction that is in
equilibrium, the effect of pH2 on i0 can be rationalized. In this
case, when describing the Tafel reaction by a dissociative Langmuir
adsorption isotherm, an increase in H2 partial pressure at any given
overpotential would be expected to result in an increase in the Hads

coverage, which in turn was found to somewhat lower the Hads

adsorption energy and bond strength;47–50 for a Volmer rate
determining step, the latter effect would be expected to lead to the
observed increase of i0 with pH2 (see Fig. 4).

An alternative view would be to consider the mechanistic
analogy between a Tafel-Volmer mechanism and a “potential
dependent” Langmuir-Hinshelwood mechanism with a dissociative
adsorption step. The rate of the HOR, rHOR(η,pH2), would then
depend on the potential dependent rate constant of the Volmer
reaction for the HOR, kHOR(η), and the potential dependent surface
coverage, θH(η,pH2):

η η θ η( ) = ( ) · ( ) [ ]r p k p, , 11HOR H2 HOR H H2

While these dependencies cannot be determined from the here
presented kinetic data, assuming a Langmuir-Hinshelwood me-
chanism might nevertheless help to understand the pressure depen-
dency of the determined activation energies. At the HOR/HER

equilibrium potential, the Volmer-step has exactly the same absolute
rate for the HER and the HOR, so that the Hads surface coverage
remains constant and is only controlled by the equilibrium coverage
established through the Tafel reaction. As the overall reaction at 0 V
vs RHE is not driven by potential (as η = 0), a potential independent
or classical Langmuir-Hinshelwood mechanism can be considered as
a reasonable approximation. In this case, the adsorption enthalpy
ΔHads (marked in orange in Fig. 5) affects the measureable apparent
activation energy EA,app (marked in blue).51,52 While the true
activation energy of the Volmer reaction EA (marked in black),
i.e., the energy difference between the transition state and Hads, is
roughly constant (clearly only a first-order estimate, as discussed
above), the effect of ΔHads at the equilibrium potential (η = 0)
would depend on the surface coverage of Hads (θH), which in turn is
a function of the H2 partial pressure according to Eq. 12 (this
corresponds to Eq. 126 in ref. 51) and Eq. 13 (adapted for Eq. 11 in
this work according to eqs. 48–52 in ref. 51) with the equilibrium
constant K in units of Pa−1:
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As our experiments do not allow for a direct measure of the Hads

coverage during the HOR/HER, the apparent activation energy can
only be determined as a function of H2 partial pressure. Since ΔHads

is a negative quantity and since θH will increase with increasing pH2,
EA,app is expected to increase with pressure, consistent with the
values listed in Table I; eventually, EA,app should approach the
activation energy of the Volmer rection (EA) at very high H2 partial
pressures. In summary, the experimentally observed decrease of
EA,app with increasing pH2 can at least be qualitatively rationalized
by drawing an analogy to the Langmuir-Hinshelwood mechanism.

Estimation of the reaction order with respect to hydrogen
partial pressure.—The increase in the apparent activation energy of
i0 with pH2 has unexpected implications on the HOR/HER kinetics
with respect to H2 partial pressure. The exchange current density, i0,
is expected to depend on the hydrogen concentration cH2 on the
catalyst surface, i.e., on the H2 concentration in the ionomer phase
that is considered to cover the Pt particles. Assuming Henry’s Law,
the H2 concentration in the ionomer phase should be directly
proportional to the hydrogen partial pressure pH2:
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Here, i0* stands for the exchange current density measured at a
reference concentration cH2*, e.g., the concentration obtained at the

Table I. Pressure-dependent i0-values obtained from the Butler-Volmer fits outlined in Fig. 3, averaged for five independently prepared and
measured MEAs. The apparent activation energies (EA,app) were determined in the range of 30 °C to 90 °C (see Fig. 4) based on the i0-values
obtained either from Butler-Volmer fits (EA,app (BV); Eq. 5) or from the micropolarization region (EA,app (MP); Eq. 9), assuming in both cases a sum
of transfer coefficients of one (αa + αc = 1).

pH2 [kPa] 100 200 300 450

i0 at 30 °C [A cmPt
−2] 0.088 ± 0.031 0.13 ± 0.03 0.17 ± 0.04 0.18 ± 0.03

i0 at 40 °C [A cmPt
−2] 0.18 ± 0.03 0.23 ± 0.02 0.28 ± 0.04 0.30 ± 0.07

i0 at 60 °C [A cmPt
−2] 0.34 ± 0.11 0.43 ± 0.12 0.55 ± 0.10 0.59 ± 0.12

i0 at 80 °C [A cmPt
−2] 0.52 ± 0.15 0.84 ± 0.20 1.10 ± 0.24 1.23 ± 0.30

i0 at 90 °C [A cmPt
−2] 0.58 ± 0.14 1.03 ± 0.23 1.33 ± 0.33 1.63 ± 0.53

EA,app (BV) [kJ mol−1] 24.6 ± 2.8 29.6 ± 1.8 31.1 ± 1.1 33.9 ± 1.0
EA,app (MP) [kJ mol−1] 25.4 ± 3.3 29.5 ± 1.8 30.9 ± 1.0 33.3 ± 1.1
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reference pressure of pH2* = 100 kPa. Thus, we can obtain the
reaction order with respect to pH2 (i.e., m) from the slope in the
double logarithmic plot of i0 vs pH2 at any given reaction
temperature, which is shown in Fig. 6. As revealed by the values
of these slopes marked in Fig. 6, the reaction order m also increases
with temperature. This is a direct consequence of the increase in
apparent activation energy with H2 partial pressure, as this results in
a larger pressure induced spread in the i0-values at higher tempera-
tures. An exception to this here observed trend is the rather high
slope of 0.47 ± 0.08 for data recorded at 30 °C. At this temperature,
the measured i0-values for all pressures were lower than one would
expect from the Arrhenius plot (Fig. 4), with the deviation being
most severe for low pressures. This might be the result of operating
at the limit of the test station’s capabilities with respect to a tight
control of both the cell temperature and the dewpoint (i.e., the
humidification), due to the small difference between room tempera-
ture (≈25 °C) and the set cell and dewpoint temperatures;
furthermore, at this lowest H2 partial pressure of 100 kPa, the
required total cell pressure of 104 kPa (considering a water vapor
pressure of ≈4 kPa a 30 °C and 90% RH) is very close to the
ambient pressure. That these difficulties are a likely problem for the
measurements at 30 °C, particularly at 100 kPa H2, is also reflected
by the larger standard deviation between the five measurements at
this condition.

HOR limitating currents at high anodic overpotentials.—As
discussed above, the Butler-Volmer plots in Fig. 3 clearly show a
limiting HOR current at high anodic overpotentials (orange marked
areas). The cell temperature and H2 partial pressure dependent
values of the limiting current densities referenced to the electro-
chemically active Pt surface area (ilim) were determined from the
HOR/HER data at anodic overpotentials of at least 150 mV, using as
a criterion that the increase in the current density with increasing
overpotential remain below 10% (for the thus determined values see
Table SII in the SI). Analogous limiting currents for the HOR have
been observed in several other studies, and were mostly attributed to
a limitation by the Tafel reaction,15,18,38 while the only study that
explicitly addressed this limiting current by Zalitis et al. concluded
that it is most likely a limitation due to a rate limiting Heyrovsky
reaction.5 The latter can be excluded based on the data in the present
study, since a rate limiting Heyrovsky reaction would result in a

Tafel slope of 120 mV decade−1, whereas the hydrogen pump data
shown in Fig. 3 reached a current density plateau that is independent
of potential. Therefore, only two other possible causes can result in
the observed limiting currents for the HOR: (i) the RDS being the
dissociative adsorption of hydrogen, i.e., the Tafel reaction; and/or,
(ii) a hydrogen mass transport limitation. With regards to the latter,
at least bulk diffusion limitations through the diffusion medium and
the electrode can be excluded for the here used H2-pump experi-
ments with ultra-thin working electrodes (≈0.5–0.7 μm), ultra-low
Pt roughness factors (1.4 ± 0.3 cmPt

2 cmMEA
−2), and with pure H2:

the bulk diffusion limited current densities in this case should be on
the order of 50–100 A cm−2

MEA (corresponding to at least
≈30–60 A cm−2

Pt), and are thus at least an order of magnitude
larger than the observed ilim-values (see Table SII in the SI).

Thus, we will first focus on the kinetic investigation of an
assumed rate limiting Tafel reaction at high anodic overpotentials. In
this case, the H-adsorption rate of the Tafel reaction (rads in
cmPt

−2 s−1) can be converted into a limiting current (ilim(Tafel), in
units of A cm−2

Pt) by means of the Faraday constant F (96484 A s
mol−1) and the Avogadro-constant NA (6.022∙1023 mol−1):

( ) = · [ ]i Tafel
r

N
F 15lim

ads

A

According to kinetic gas and collision theory, rads can be
described by Eq. 16:51

θ θ
π

= · = ( ) ·
· · ( − )
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[ ]r N
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S T

2 p 1

2 m k T
16ads 0

H H2 H
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Here, N0 is the active site density (in units of cmPt
−2), S(T) is the

sticking coefficient, mH2 is the molecular mass of hydrogen
(2.016 u), kB is the Bolzmann-constant (1.381∙10−23 J K−1), and T
is the temperature (in units of K). Furthermore, when the hydrogen
adsorption at high anodic overpotentials is the rate determining step,
one can assume that Hads is instantaneously oxidized, so that the
fraction of free adsorption sites (θ□) should be approximately one:

θ θ= − ≈ [ ]□ 1 1 17H

Under these considerations, the rate of hydrogen adsorption is
expected to be directly proportional to pH2 according to Eq. 16,

Figure 5. Scheme of the potential energy diagram for the catalytic oxidation
of hydrogen with a dissociative adsorption of H2 (Tafel reaction) with the
activation energy EA,ads preceding the oxidation of Hads (Volmer reaction)
with its activation energy EA being composed of the measureable apparent
activation energy EA,app (blue) and a surface coverage dependent contribu-
tion of the adsorption enthalpy ΔHads (orange). Figure combined and
adapted from Concepts of Modern Catalysis and Kinetics,51 and
Fundamental Concepts in Heterogeneous Catalysis.52

Figure 6. Double-logarithmic relation between the hydrogen partial pressure
(pH2) and the exchange current density (i0) estimated from the Butler-Volmer
fits (filled symbols and solid lines, with the constraint αa + αc = 1) or from
the fits in the micropolarization region (open symbols and dashed lines, with
the constraint αa + αc = 1) at temperatures from 30 °C to 90 °C (averaged
over five MEAs). The slopes represent the reaction order (m) with respect to
pH2, which are given by the numbers in the plot based on the i0-values
obtained from the BV-fits.
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which in turn implies that also the adsorption limited current density
should be directly proportional to pH2 (acc. to Eq. 15). Therefore,
plotting the logarithm of the experimentally determined ilim-values
for the HOR (data in Table SII in the SI) vs the logarithm of pH2 at a
given temperature should result in straight lines with a slope of 1.0.
This analysis is shown in Fig. 7 for the temperatures for which at
least two limiting current density values could be determined (i.e.,
for 30 °C, 40 °C, and 60 °C), whereby the slopes of the linear
regressions (solid lines) of 0.81–0.84 are slightly lower than the
expected value of 1.0. However, since the linear fits with a fixed

slope of 1.0 (dashed lines) are still within the error range of the ilim
measurements (given by the vertical error bars that correspond to the
standard deviation), it is reasonable to assume that ilim for the HOR
at high overpotentials is indeed directly proportional to pH2 within
the error of our measurements.

The temperature dependency of the Tafel reaction is more
complex, as it not only involves the T−0.5 term from Eq. 16, but
also the temperature dependence of the sticking coefficient S(T).
Embedded in the latter is the activation barrier for breaking the H-H-
bond during the dissociative adsorption of H2:

51

( ) = · [ ]− ·S T S e 180

E
R T

A,ads

Here, S0 (⩽ 1) is the pre-exponential factor of the sticking
coefficient and EA,ads is the activation energy of adsorption (see
Fig. 5). Combining Eqs. 15–18 shows that EA,ads can be determined
directly from the slope of an Arrhenius-type plot of the limiting
current density multiplied by T0.5, as shown in Fig. 8 (filled symbols
and solid lines). The thus determined activation energy of 21 ±
1 kJ mol−1 is independent of the H2 partial pressure (see Table II), as
expected for a dissociative adsorption step. This agrees well with an
activation energy for the dissociative H2 adsorption on Pt of roughly
17 kJ mol−1 found in H2-D2 exchange experiments by Vogel et al.37

These authors also reported an adsorption rate constant of kads
≈2.4 cm s−1 at 22 °C,37 which would equate to a limiting current
density of ilim ≈0.4 A cmPt

−2 at 100 kPaH2, when assuming a
hydrogen solubility of SH2 ≈8∙10−12 molH2 cm−3 Pa−1 in the
ionomer (from: ilim = 2 · F · kads · SH2 ∙ pH2).

53 This value is
surprisingly close to the limiting current density of 0.60 ± 0.07 A
cmPt

−2 at 30 °C obtained in the present study, supporting the idea
that the Tafel reaction is responsible for the limiting HOR current
density at high anodic overpotentials.

With these results providing strong support that the Tafel reaction
is rate limiting the HOR at high anodic overpotentials, one never-
theless must reexamine the assumption that H2 mass transport
limitations can indeed be ruled out (see Table II). As was already
outlined above, H2 transport resistances through the diffusion
medium and the electrode should be negligible, but the hydrogen
transport resistance through the ionomer film covering the Pt
particles might nevertheless be significant.54 These film diffusion
or local mass transport resistances are well known for O2 transport
through the ionomer film in cathodes with low Pt loadings,55–58 with
any quantification being complicated by the likely inhomogeneous
ionomer distribution and a presumably different morphology com-
pared to bulk ionomer.59–61 Still, the mass transport limited current
density can be estimated using Fick’s First Law that links the
diffusive flux of H2 through the ionomer film (JH2, in mol cm−2 s−1)
to the diffusion coefficient (DH2, in cm2 s−1) and the H2 concentra-
tion gradient:51

= − [ ]J D
dc

dx
19H2 H2

The absolute value of the limiting current density is then obtained
from the hydrogen maximum concentration gradient through an
ionomer film of the thickness dfilm, which occurs when the H2

concentration goes to zero at the ionomer/Pt interface, while at the

Figure 7. Double-logarithmic relationship between the hydrogen partial
pressure (pH2) and the limiting current density for the HOR at high anodic
overpotentials (ilim), referenced to the electrochemically active Pt surface
area and averaged over five independent measurements. The ilim-values were
obtained at anodic overpotentials of at least 150 mV, whereby data points for
which the increase in current density to the next point exceeded 10% were
excluded. The numerical values of the slopes determined by a linear fit (solid
line, the slope represents the averaged slope obtained from five indepen-
dently fitted measurements) are given in the figure and represent the reaction
order with respect to pH2, while the dashed lines represent linear regression
fits with a fixed slope of 1.0, i.e., assuming a direct proportionality between
ilim and pH2.

Figure 8. Arrhenius-type plots of the limiting HOR current density at high
anodic overpotentials (from Table SII in the SI) with the temperature factor
extracted from the pre-factor according to Eq. 19 (ilim T0.5, filled symbols
and solid lines, left axis), assuming a dissociative Langmuir adsorption as the
RDS; and of the limiting HOR current density directly (ilim, open symbols
and dashed lines, right axis).

Table II. Pressure-dependent activation energies determined from the limiting HOR current densities at high anodic overpotentials. The values are
deduced from the Arrhenius-type plots shown in Fig. 8, by two different methods, assuming two different mechanisms: (i) assuming a Tafel reaction
RDS, plotting ilim · T0.5 vs 1/T to obtain the activation energy for hydrogen adsorption (EA,ads, see Fig. 5); (ii) assuming H2 mass transport resistance
limitations through the ionomer film, plotting ilim vs 1/T to obtain the activation energy for H2 permeation (EA,perm). The data are averaged over 5
independent experiments.

pH2 [kPa] 100 200 300 450 Average

EA,ads [kJ mol−1] (ilim · T0.5) 21.6 ± 1.0 20.4 ± 1.6 ≈20.7 — 21 ± 1
EA,perm [kJ mol−1] (ilim) 20.2 ± 1.0 19.1 ± 1.6 ≈19.5 — 20 ± 1
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gas/ionomer interface it corresponds to the product of the hydrogen
solubility in the ionomer (SH2, in mol cm−3 Pa−1) and pH2 in the gas
phase, according to Henry’s Law:

( ) = · · = · ·
·

= · ·
·

[ ]

J Di diff 2 F 2 F
S p

d
2 F

P p

d
20

lim H2 H2
H2 H2

film

H2 H2

film

= · [ ]P D S 21H2 H2 H2

In Eq. 20, the permeability of hydrogen through the ionomer
(PH2) is the product of the diffusion coefficient (DH2) and the
hydrogen solubility (SH2), according to Eq. 21.53

The permeability of hydrogen at 80 °C has been reported to range
from ≈10−16 mol cm−1 s−1 Pa−1 for dry to ≈3∙10−16 mol cm−1 s−1

Pa−1 for fully humidified ionomer membranes),53,62 which ac-
cording to Eq. 20 would result in limiting current densities of
≈6–19 A cmPt

−2 when assuming a film thickness of 3 nm (for an I/C
ratio of 0.65 gI gC

−1)45 and 100 kPaH2; the actual water content of
the ionomer film might indeed be significantly lower than that
expected for 90% RH, due to a possible ionomer dry-out that is
indicated by the HFR increase at high anodic overpotentials (see
Fig. 3). Similarly, for the same H2 partial pressure, temperature, and
ionomer film thickness, a limiting current in the range of ≈1.9 A
cmPt

−2 can be calculated from a local mass transport resistance (RT)
of ≈350 s m−1 reported by Schuler et al.,54 using the correlation of
RT and ilim established by Baker et al. (adapted from Eq. 3 for a two-
electron oxidation of 100% H2):

63
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As the ionomer film diffusion limited current densities (ilim(diff))
estimated from the hydrogen permeability of a bulk membrane are
only ≈3–10 times higher than the here measured limiting current
density at 80 °C and 100 kPa H2 (≈2.0 A cm−2

Pt; see Table SII in
the SI), and as the ilim(diff) estimate based on the actually measured
local transport resistance yields a value that is essentially identical
with the observed limiting current at high anodic overpotentials, it
can unfortunately not be excluded that hydrogen mass transport

through the ionomer film might indeed affect or even govern the
observed limiting HOR current at high anodic overpotentials.

One further option that we considered to distinguish whether the
observed limiting currents can be ascribed to the Tafel reaction or to
H2 mass transport through the ionomer film was to examine
the temperature dependence of the latter. As shown in Eq. 20, the
temperature dependence of the limiting current density is simply the
temperature dependence of the H2 permeability, which for ionomeric
membranes at a constant relative humidity is generally described by
an Arrhenius-type law.62 Thus, when limited by H2 mass transport
through the ionmer film, plotting the logarithm of the limiting HOR
current vs 1/T should yield straight lines with a slope corresponding
to –EA,perm/R, where EA,perm is the activation energy for H2

permeation through the ionomer phase and R is the gas constant.
This is shown in Fig. 8 (open symbols and dashed lines, plotted vs
the right-hand y-axis), yielding EA,perm ≈20 ± 1 kJ mol−1 when
averaged over the data between 100–300 kPaH2 (see Table II). This
value is essentially identical with the activation energy for H2

permeation of EA,perm ≈19.7 kJ mol−1 for H2 diffusion in Nafion at
95% RH,62 and within the experimental error also the same as the
activation energy for H2 adsorption (EA,ads) that was determined
above when assuming a rate determining Tafel reaction (see
Table II).

In summary, based on the above analysis, it is not possible to
determine whether a rate limiting Tafel reaction or a H2 mass
transport resistance through the ionomer film is responsible for the
observed limiting HOR current density at high anodic overpoten-
tials. One possible means to distinguish between these two phe-
nomena would be to investigate the limiting HOR current density for
different catalysts with different HOR/HER activities (e.g., platinum
alloys26,64), or to examine electrodes with different I/C ratios that
would result in different average ionomer film thicknesses.45

Implications for low-loaded PEMFC anodes.—In order to reach
the current DoE target of 125 μgPt cmMEA

−2,65 the state-of-the-art
anode loadings of 50 μgPt cmMEA

−2 will likely have to be reduced to
25 μgPt cmMEA

−2 or even lower.66 With a typical ECSA of ≈60 m2

gPt
−1 for anode catalysts, this would correspond to an rf of 30 or

15 cmPt
2 cmMEA

−2, respectively, whereby ECSA losses of up to 50%
due to SUSD are expected over the MEA lifetime.9 To correlate the
here presented kinetic investigation of the HOR/HER to the expected
contribution of the HOR to the overall cell performance on these low-
loaded anodes, Fig. 9 shows the kinetic HOR overpotential as a
function of the anode roughness factor, calculated via the Butler-
Volmer equation (Eq. 5) for a current density of 3 A cmMEA

−2, using
the i0-values reported in Table I and the αa-values shown in Fig. S1.
For an rf of 30 cmPt

2 cmMEA
−2, minor HOR overpotentials of ≈6 mV

are observed even at 3 A cmMEA
−2 at 80 °C and 100 kPaH2

(corresponding to a fully humidified cell pressure of 147 kPaabs).
However, when the rf decreases to 10 cmPt

2 cmMEA
−2 with lower

anode loadings or after severe degradation, the HOR overpotential
would increase to ≈20 mV. The analysis of Fig. 9 shows that for such
a low rf, raising the H2 partial pressure to 200 or even 300 kPaabs
could significantly reduce the expected HOR overpotentials at
80 °C to ≈11 or ≈8 mV, respectively, lowering the cell voltage loss
by ≈10 mV; Fig. 9 also shows that raising the cell temperature to
90 °C has a diminishing effect on the performance of low-loaded
anodes.

Conclusions

In this study, a measurement procedure that allows for a precise
determination of the HOR/HER kinetics over a broad range of
temperatures, pressures, and overpotentials was developed. This
approach combines galvanostatic/potentiostatic (a low/high over-
potentials) hold periods of 60 s with impedance measurements,
thereby allowing for a precise determination of the HFR at each
measurement point and thus resulting in precise and reproducible
kinetic data.

Figure 9. Kinetic HOR overpotential at 3 A cmMEA
−2 as a function of the

anode roughness factor, calculated for 80 °C and 90 °C using the exchange
current densities listed in Table I and the anodic transfer coefficients shown
in Fig. S1. The absolute cell pressures (kPaabs) for operation at fully
humidified conditions would be the sum of pH2 and the water vapor
saturation pressure at the respective temperature (47 kPa at 80 °C and
70 kPa at 90 °C).
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It could be shown that the HOR/HER follows a Tafel-Volmer
mechanism in the observed range of temperatures and pressures. At low
overpotentials, the rate determining Volmer-step is affected by the
preceding Tafel-step, resulting in a significantly asymmetric behavior,
with the symmetry increasing with higher partial pressures of hydrogen
and lower temperatures (i.e., approaching equal anodic and cathodic
transfer coefficients). Furthermore, a pressure dependence of the
apparent activation energy of the Volmer-step was observed due to a
pressure dependent contribution of the preceding Tafel-step’s hydrogen
adsorption enthalpy. The effect of the hydrogen adsorption enthalpy
decreases with increasing surface coverage of adsorbed hydrogen, thus
leading to an apparent increase of the measured activation energy with
increasing hydrogen pressures. Due to this complex interaction between
activation energy and hydrogen partial pressure, the reaction order of i0
with respect to pH2 increases with temperature as well.

At high anodic overpotentials, the HOR approaches a limiting
current that showed a direct proportionality to pH2 and exhibited an
apparent activation energy ≈20 kJ mol−1. The origin of this limiting
current could either be a change of the RDS to a rate limiting adsorption
of H2 (rate limiting Tafel reaction) or a mass transport limitation of H2

through the ionomer film. Since both of these limitations would be
expected to show the observed direct proportionality to pH2, as well as
very similar apparent activation energies, it unfortunately could not be
determined which of the two mechanisms is responsible for the limiting
current at high anodic overpotentials.
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3.2. Novel Catalyst Concepts for PEMFCs

In this section, novel catalyst concepts based on metal oxide supports will be pre-

sented. The overlaying aim is to address the PEMFC durability and performance

issues discussed in Section 1.1, with a focus on the mitigation of detrimental corrosion

of the carbon support of the cathode catalyst. The first publication presents a novel

way of using the polyol process for the surface reduction of metal oxide supports,

which might enable the subsequent deposition of a thin film of an active metal and

thus make carbon-free oxide supports with high PGM utilization available. Further-

more, the unique properties of an SMSI were used to develop a novel catalyst system

consisting of Pt/TiOx aggregates on a carbon support, yielding a catalyst that is se-

lective for the HOR, i.e., that exhibits a significantly suppressed ORR activity while

maintaining a similar HOR activity compared to conventional Pt/C catalysts. Finally,

this catalyst concept was adapted for Ru nanoparticles to investigate the effect of the

SMSI on the surface electrochemistry and the HOR activity of less surface oxidation

resistant noble metals.

3.2.1. Metal Oxide Thin-Film Reduction via the Polyol Process

This section presents the article ”Extending the Polyol Reduction Process into the

Second Dimension: Oxide Thin Film Reduction” that was published in January 2021

in the Journal of The Electrochemical Society.70 It is an open access article pub-

lished under the terms of the Creative Commons Attribution Non-Commercial No

Derivatives 4.0 License (CC BY-NC ND). The permanent web-link to the article is

https://doi.org/10.1149/1945-7111/abda22.

As described in Section 1.1, one of the main durability issues of PEMFCs is the stabil-

ity of the cathode catalyst carbon support during SUSD and local hydrogen starvation

events.123 Here, contiguous Pt films on high surface area oxide supports are among

the most promising structures for next generation fuel cell electrodes.171 However, the

deposition of metallic monolayers or extremely thin metal films (≤ 5 nm) on corrosion

resistant oxide surfaces is prevented by the high interfacial energy of the metal/oxide

interface that results in the growth of 3D structures rather than 2D films of the de-

posited metal.69,172,173 Thus, the metal/oxide interfacial tension has to be minimized,

e.g., by reducing the outermost surface of the oxide to form a metallic buffer layer on
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which metal deposition can take place.174–176

This work employs the polyol process177 for the in-situ reduction of metal oxide sur-

faces. First, the possibility of using ethylene glycol (EG) for the reduction of three

metal oxides (SnO2, NiO, and Ta2O5) was explored by thermodynamic calculations

according to Larcher and Patrice.129 These showed that it might be possible to re-

duce NiO already at room temperature, whereas the reduction of SnO2 can only be

possible when the concentration of the side products H2O and CO2 is kept suffi-

ciently low, while the reduction of Ta2O5 should not be possible up to the boiling

temperature of EG even under these condition. To test this hypothesis, the reduction

of the thin native oxide film on a Sn wire was monitored in-situ by measuring the

open circuit potential (OCP) of the wire vs. a Ag/AgCl reference electrode. Upon

heating, a drop in OCP was observed, being a clear indication for a change in the

surface/electrolyte interaction that is related to the reduction of the surface of the

oxide film and for the exposure of a metallic surface.178 When a conductive salt, e.g.,

lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) was added, the reduction of the

oxide could be in-situ monitored by cyclic voltammetry, whereby the native oxide fea-

ture disappeared after the OCP drop. In-situ recorded near ambient pressure X-ray

photoelectron spectroscopy (XPS) directly showed the reduction of the native oxide

layer on a Sn substrate by EG at elevated temperatures, thus verifying the electro-

chemical measurements.

Furthermore, it was shown by OCP measurements that EG can reduce the native

oxides of both Sn and Ni, not only on a wire model substrate, but also on the techno-

logically more relevant nanoparticles and even on antimony-doped SnO2 nanoparticles.

However, EG is not capable of reducing Ta oxide up to the boiling temperature of EG.

Thus, the oxide reduction process is independent of the oxide morphology (extended

surfaces, nanoparticles and nanowires), which might make oxidecore-metalshell struc-

tures accessible via a metallic inter-layer.

Finally, simple thermodynamic calculations indicate that by tuning the reaction condi-

tions, e.g., reducing the concentration of the side products H2O and CO2, and choosing

a suitable (poly)alcohol, it is possible to reduce the surface of a broad range of metal

oxides (note that these calculations obviously neglect the complexity of the reduction

reaction).179,180
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The formation of extended metal thin films (<5 nm) or monolayers on oxide surfaces, for applications in (electro-)catalysis, has
never been achieved due to the high interfacial energy of the metal/oxide interface that always results in a 3D growth of the
deposited metal. To realize 2D growth, the outermost surface of the oxide must be reduced prior to metal deposition in the same
system. Here, we demonstrate that the polyol method, typically used for metal nanoparticles synthesis, can be used for the
reduction of oxide thin films. The reduction of the oxide layer upon heating in ethylene glycol was electrochemically monitored
in situ by measuring the open circuit potential and confirmed by cyclic voltammetry and near ambient pressure X-ray photoelectron
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Metal/oxide interfaces play important roles in several applica-
tions including microelectronics, materials science, and chemical
applications, where the metal over-layer is in the form of particles,
such as in catalysis, or thick films (>50 nm), such as in the
semiconductor industry. The deposition of metallic monolayers or
extremely thin films (<5 nm) on oxide surfaces, for applications in
heterogeneous catalysis and electrocatalysis, has never been
achieved due to the high interfacial energy of the metal/oxide
interface that always results in a 3D morphology growth of the
deposited metal.1–4 To realize these structures, the metal/oxide
interfacial tension has to be minimized, for example, by reducing
the outermost surface of the oxide support before metal deposition.

In general, oxide reduction is achieved by either heating an oxide
in the presence of a reducing agent, or by electrochemical means,
such as aqueous or molten salt electrolysis.5–10 In fine materials
processing methods, electrochemical reduction has several advan-
tages over gas phase reduction, including ease of use, precise control
over the morphology, the possibility to accurately monitor the
process via electrochemical means, and the ability to perform
additional processing steps, such as metal deposition, in situ.9–12

Such in situ techniques have been extensively used in synthesizing
core–shell metallic nano-structures for application in the fields of
(electro-)catalysis,13–18 biology,19 materials chemistry,20,21 and
sensors.22,23

Continuous metal films on high surface area supports are among
the most promising structures for next generation electrode produc-
tion in batteries and fuel cells.24–29 To obtain these structures on
oxide support materials, the outermost surface of the oxide must be
reduced to form a metallic buffer layer on which metal deposition
takes place. However, most surfaces re-oxidize after reduction
treatment once the reducing agent is removed. Thus, successful
pre-reduction should be performed directly before subsequent
metallization steps, without removing the material from the reduc-
tant.

One wet chemical reduction method that has been extensively
employed in the synthesis of (metal) nanoparticles,30–34 could be
very suitable for in situ surface processing steps. This method is
based on polyols, such as ethylene glycol (EG), di-, tri, and
tetraethylene glycol, or glycerol.31 The polyols act as both solvent
and reducing agent. They reduce solvated precursors to form
metallic nanoparticles, and protect the nanoparticle surfaces from
re-oxidation to enable subsequent metal deposition steps.29,35–38

This technology would be very useful in electrode processing, if the
reduction step can be additionally applied to solid surfaces, as it
allows for uniform metallization of high surface area supports.

Here, we demonstrate that the polyol method can be used to
reduce solid-state ions, specifically metal oxide surfaces, which is a
completely new application of the polyol process. We show that
metal oxide thin films, formed on bulk metallic substrates, metallic
nanoparticles, and metal oxide nanoparticles, can be reduced by
simply heating them in the appropriate polyalcohol, which would
allow for a subsequent metal deposition step in the same solvent. In
this system, the oxide reduction process can be in situ monitored, by
measuring the electrode potential as a function of the temperature.
The electrochemical means to monitor oxide reduction were con-
firmed by in situ near ambient pressure X-ray photoelectron spectro-
scopy (XPS) measurements. This polyol processing technique offers
a low cost, easy to use, and highly adaptable method for a broad
range of systems,31–33 and will be a key processing technique in next
generation fuel cell and battery electrode preparation.

Experimental

A modified polyol setup to monitor oxide reduction.—In order to
investigate the reduction of an oxide thin film by monitoring the
potential of the working electrode (a Sn oxide/Sn wire in this case)
against a reference electrode (RE) as a function of solvent
temperature, a typical polyol setup was modified as schematically
shown in Fig. 1a. As the most suitable solvent for this study, EG was
chosen as the most basic polyol and due to its dominant role in the
synthesis of noble metal nanoparticles.31 To avoid the high
temperature of the system upon heating, a Ag/AgCl RE was not
directly placed in the EG but separated by two electrolyte bridges
(EBs) filled with the same polyol. Figure 1b shows the temperature
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inside the first and second EBs, represented by the blue and red dots,
respectively, as a function of EG temperature. Clearly, a single EB is
not sufficient to prevent the RE from reaching the boiling tempera-
ture of the water-based RE electrolyte. However, when using two
EBs, measurements until 180 °C can easily be achieved. Ar purging
for 90 min with a flow rate of ca. 20 l h−1 was necessary to remove
most soluble oxygen from the EG solvent. The potential of the
working electrode was monitored at room temperature during the Ar
purging. It was found that the potential gradually moves to more
negative values with the Ar purging until a steady state potential was
obtained indicating a constant concentration of oxygen in the
solvent. This also suggests that the potential of the Sn electrode is
mainly controlled by the O2/H2O redox equilibrium at room
temperature. After 90 min of Ar purging the flow rate was reduced to
10 l h−1 during the experiment. The temperature of the system was
increased with a ramp rate of 1 °C min−1 until the temperature
reached the desired endpoint after which the system was allowed to
cool down to room temperature at a rate of 1 °C min−1. For
measurements on nanoparticles, 10 μl of an ink consisting of
1.0 mg nanoparticles in 3.3 ml 2-propanol was drop casted onto
the polished end of a glassy carbon rod (5 mm diameter), which
served as the working electrode.

Cyclic voltammetry in the modified polyol setup.—All Cyclic
voltammetry (CV) measurements were performed at room tempera-
ture in the modified polyol setup described above with a scan rate of
25 mV s−1. For CV measurements at intermediate points during the
heating cycle, the heating was interrupted at the indicated tempera-
ture and the reaction was flash-cooled to room temperature using an
ice bath. To measure the potential more accurately, the EBs were
removed and the RE was placed directly in the reaction vessel. A
curled up gold wire was used as the counter electrode for the CV
measurements. The measured currents were normalized to the
exposed surface of the wire (calculated from the thickness and the
electrolyte exposed length) or the area of the GC rod (0.196 cm2),
respectively.

X-ray photoelectron spectroscopy (XPS).—In-situ XPS measure-
ments were performed using a Phoibos NAP-150 hemispherical
analyzer from SPECS Surface Nanoanalysis GmbH. The excitation
source was a monochromated Al k-α. A 1 cm × 1 cm piece of Sn
foil was mounted onto a stainless steel sample holder. Prior to
loading, the foil was cleaned by ultrasonication in acetone and
deionized water. The sample was first measured in vacuum, as-
loaded. The sample was then heated to 150 °C in an atmosphere of
0.1 mbar of EG. Heating was accomplished by illuminating the
back-side of the sample holder with an infrared laser. Temperature
was controlled using a calibration curve, whereby 3 W were required
to heat the sample to 150 °C. The 0.1 mbar vapor pressure of EG was
accomplished by dosing EG through an ultra-high vacuum leak

valve. EG was placed into a glass container, welded to a DN16-CF
type flange, which was connected to the leak valve. The EG was
degassed by several freeze-pump-thaw cycles, pumping to a turbo-
molecular pump, having a base pressure of 1 × 10−6 mbar. At room
temperature, the ultimate pressure achievable when dosing EG was
only 0.04 mbar. Therefore, we heated the EG up to 70 °C by
wrapping the glass vessel in heating tape. At 70 °C a pressure of 0.1
mbar could be reached in the analysis chamber. A mass spectrometer
(Pfeiffer Prisma), attached to the analysis chamber confirmed that
EG, was being filled into the chamber. The mass spectrum showed a
molecular peak of 62 AMU, as expected for EG.

Thermodynamic Calculations.—To examine the possibility of
reducing bulk metal oxides, we first consider the thermodynamics of
metal oxide reduction in a polyol medium (ethylene glycol). By
considering the full reduction of the metal oxide MOx to the
corresponding metal (Eq. 1) and the full oxidation of EG to CO2

(Eq. 2), and assuming standard conditions at the boiling point of the
solvent, the Gibbs free energies (ΔGred) for the reduction of
numerous oxides were estimated previously.39

+ +  ++ -x x y xM O 2 H 2 e M H O 1y x 2 [ ]

+  + ++ -CH OH 2 H O 2 CO 10 H 10 e 22 2 2 2( ) [ ]

While the oxidation of EG during the polyol process follows a much
more complex reaction pathway.40–42 such calculations provide a
useful indication of what might thermodynamically be possible.
Thus, the Gibbs free energies of the reduction of three metal oxides
(tin, nickel, and tantalum oxides) using EG were calculated as a
function of temperature D G Tred( ( )) under otherwise standard con-
ditions (pressures/activities) using the standard enthalpy of forma-
tion D ÆHf i( ) for the reactants and the standard entropy ÆSi( ) for each
compound at 25 °C, assuming that the entropy term is not a function
of temperature within the investigated temperature range (Eq. 3).43

For the calculation of the Gibbs free energy of reduction under more
realistic conditions, the initial activities (ai) of reactants and products
were taken into account (Eq. 4) using Raoult’s law (Eq. 5).43 In our
experimental setup, an initial concentration of 100 ppm of H2O was
measured by Karl Fischer titration and the maximum partial pressure
(pi) of CO2 was estimated to be 40 ppm, i.e., 10% of the partial
pressure of CO2 in air (under the condition of continuous purging
with Ar). The activities of EG and all solid reactants were assumed
to equal 1.

å ån nD = D -Æ ÆG T H T S 3
i i

red i f i i i( ) [ ]

Figure 1. (a) Modified polyol setup used for monitoring the potential of the working electrode during the reduction by ethylene glycol; (b) temperature measured
in the first and the second electrolyte bridge while heating the solution at 1 °C min−1.
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Exemplarily, the Gibbs free energy was calculated for the reduction
of tin, nickel and tantalum oxide assuming the following reaction
equations (thermodynamic values given in Table S1 available online
at stacks.iop.org/JES/168/014506/mmedia):

+ 
+ +

Polyol reduction of SnO : 5 SnO 2 CH OH 5 Sn
4 CO 6 H O

2 2 2 2

2 2

( )

+ 
+ +

Polyol reduction of NiO: 5 NiO CH OH 5 Ni
2 CO 3 H O

2 2

2 2

( )

+ 
+ +

Polyol reduction of Ta O : Ta O CH OH 2 Ta
2 CO 3 H O

2 5 2 5 2 2

2 2

( )

When comparing the Gibbs fee energies of reduction under standard
conditions (Fig. 2a) to more realistic conditions, taking the initial
activities of reactants and products into account (Fig. 2b), it can be
seen that, while nickel oxide may be reduced by EG even at room
temperature and standard conditions, tantalum oxide cannot be
reduced even up to the boiling temperature of EG. The calculations
for tin oxide showed that, at standard conditions, it cannot be
reduced by EG up to 200 °C. However, when reduced activities for
CO2 and H2O were considered, the results suggested that tin oxide
could be reduced by EG even at room temperature.

Results

The measurement of such reduction processes is not trivial for
oxide nanoparticles dispersed and heated in EG. To facilitate the
monitoring of oxide reduction, initial experiments were carried out
to reduce oxide thin films on their corresponding metal substrates.
This was achieved by dipping a Sn wire covered with native Sn
oxide (Sn oxide/Sn) of an approximate thickness of 2-4 nm (a
surface oxide thickness expected after long time exposure to air)44,45

in EG and monitoring the potential vs a reference electrode. Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) was added to the EG to
ensure sufficient ionic conductivity for in situ electrochemical
characterization, while oxygen was removed by purging with argon
to prevent re-oxidation.

The potential in any system is the result of a charge separation
across the interface of two conducting phases.46 Thus, a sudden
change in potential would be expected upon reduction of the oxide
layer, due to the different surface-electrolyte interaction between a
semiconducting oxide and a metal electrode.47 Figure 3a shows the
change in the Sn oxide/Sn electrode potential, vs Ag/AgCl, as a
function of EG temperature (1 °C min−1 ramp rate).

It can be clearly seen that there are three distinguishable stages
during the heating ramp. At stage I, a linear behavior of the potential
vs temperature was observed, followed by a sudden decrease in the
measured potential (stage II), and then a steady-state potential was
obtained (stage III). The potential drop may indicate oxide thin film
reduction, and a steady-state potential most likely indicates that no
further changes (namely oxide reduction) are taking place,46

although the temperature is still increasing, which suggests that
the oxide reduction process has been completed.

Based on a typical polyol method, in which solvated metal ions
are reduced to form metal nanoparticles, the behavior observed here
is what is expected for the reduction of an oxide. For a metal ion to
be reduced by a polyol, as long as it is thermodynamically favorable,
a reaction barrier between the reduction potential of metal ions and
the oxidation potential of polyol must be overcome by heating the
polyol.44 Therefore, in metal ion reduction, no substantial physical
changes are observed until a significant reduction takes place at a
threshold temperature, after which the color of the solution changes
dramatically, indicating the formation of nanoparticles.
Thermodynamically, oxide reduction can start at temperatures as
low as 30 °C (Fig. 2b), but the reaction might still be kinetically
hindered. This can be attributed to the time needed to reduce the
oxide film and reveal the metal underneath it. According to our
hypothesis, the potential drop starts only when the underlying metal
is exposed to the EG, which requires reduction of the oxide film on
top. In other words, it is possible that oxide reduction starts at low
temperature, but the potential drop takes place only after consuming
enough oxide to reveal the underlying metal.

In fact, clear signs of reduction, i.e. a change in the slope of the
OCP-temperature profile resulting in a sudden potential drop, start at
a threshold temperature of around 60 °C and continue until the oxide
film has been fully reduced, after which a steady-state potential is
reached. Upon cooling, this steady-state potential is maintained,
indicating that the surface does not re-oxidize in the Ar-saturated
electrolyte, confirming that the reduction is indeed kinetically
hindered rather than the reduced surface being thermodynamically
instable.

When performing a second heating cycle, following the reduc-
tion, the potential decrease is marginal compared to the distinct drop
during the first heating ramp. This shows that the reduction had been

Figure 2. Gibbs free energy calculated for oxide reduction with EG to the corresponding metal at (a) standard conditions and (b) non-standard conditions (40
ppm CO2 and 100 ppm H2O).
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completed during the first cycle, and little to no re-oxidation by
residual oxygen had occurred. To check this hypothesis, cyclic
voltammetry (CV) measurements were performed at various stages
of the reduction process (Figs. 3b–3f) using a fresh wire for each
experiment and normalizing the current to the surface area exposed

to the electrolyte. CVs were conducted in the polyol solution in the
presence of a conducting salt at room temperature after flash-cooling
the solution from different temperature points of the heating cycle.
When starting at the open circuit potential (OCP) of a fresh Sn wire,
a reductive peak at −0.96 V (vs Ag/AgCl; VAg/AgCl) is observed

Figure 3. Chemical reduction of the native oxide thin layer on a Sn wire in ethylene glycol containing 0.25 M LiTFSI; (a) OCP-temperature profile with three
distinguishable stages (I—III) and intermediate points used for electrochemical characterization; (b) CV of a fresh Sn wire; (c)–(f) CVs recorded at intermediate
points during the reduction (after flash-cooling from the indicated temperature to room temperature) compared to the fresh wire showing increasing reduction of
the native oxide. All CVs were recorded at room temperature (RT, 15–25 °C) at 25 mV s−1.

Figure 4. Near ambient pressure XPS showing the reduction of the native tin oxide thin film by EG. (a) Sn 3d signal of a fresh sample showing mainly tin oxide;
(b) development of the Sn 3d signal upon heating to 150 °C in 0.1 mbar EG atmosphere; (c) Sn 3d signal after reduction; (d) partial contributions of the tin oxide
and the elemental tin signal as a function of heating time.
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during the negative going scan, corresponding to the reduction of the
native oxide thin film (Fig. 3b). At the end of stage I (Fig. 3c), the
reductive feature had shifted to slightly more negative potentials,
most likely due to flash-cooling the solution below room temperature
resulting in slower reduction kinetics,48 but the total charge
remained the same, indicating that no reduction has occurred.
After the initial potential drop at ≈70 °C (Fig. 3d), the reductive
feature had decreased slightly compared to that of a fresh Sn wire,
indicating the onset of the reduction. This implies that the potential
drop is due to the oxide reduction, revealing metallic Sn, and that the
intermediate potential plateau during stage II could be the result of a
mixed potential region with Sn oxide and Sn surface being exposed
while the reduction continues. After the second potential drop of
stage II at ≈100 °C, the reductive feature had mostly disappeared
(Fig. 3e), and when the wire had been heated to the final temperature
of 120 °C, no further reduction could be observed during the CV
(Fig. 3f), proving that the oxide reduction process has been
completed on all surfaces that were in contact with EG and in turn
electrochemically accessible by the electrolyte. A similar drop in the
OCP has been observed when heating a Sn wire in pure EG
indicating that the method of measuring the OCP can be applied
to systems without additional conducting salts as well (Fig. S1).
However, due to the low ionic conductivity in pure EG, the
reduction could not be verified by measuring CVs.

To confirm that the reduction of SnO2 occurs in pure EG, near
ambient pressure XPS was performed on a Sn foil to monitor the
reduction in situ. The initial spectra of the sample, upon loading into
vacuum from air, showed that the sample exhibited no signs of
contamination except for the “adventitious carbon” signal typical for
samples having been exposed to air.49 The Sn 3d signal revealed
signs of a thin native oxide layer formed on the foil, as evident from
the oxidized Sn signal at a binding energy of ca. 487.1 eV.50 One can
also discern a weak signal from metallic Sn, at a binding energy of
ca. 485.0 eV (Fig. 4a).51 These observations suggest that the metallic
Sn is buried under an oxide of ca. 6 nm thickness (based on the Sn0

relative to the Sn4+ signal intensity, and assuming an inelastic mean
free path of 2 nm, for electrons with 1000 eV kinetic energy in
SnO2). Note that an accurate determination of the Sn:O stoichio-
metry in the oxide film was not possible, due to the presence of the
adventitious carbon (which also contains oxygen), and due to the
fact that the oxide film was so thin, its signal has not converged to its
bulk value. Nonetheless, a rough approximation of the Sn:O ratio,
whereby these factors are ignored, gives a Sn-to-O ratio of 3:7,
which is close to the 3:6 ratio one would expect for SnO2. Thus we
conclude that the native oxide was likely composed of SnO2.

After heating the Sn foil in EG (0.1 mbar) to 150 °C, the Sn 3d
signal of the metallic component slowly starts to rise, while the
signal of the oxidized component slowly decreases (Fig. 4b). The
transition continues, and slows down to a near steady state after ca.
120 min (Fig. 4c). After this time, some small amount of oxidized Sn
could still be discerned in the spectrum, equating to roughly 5% of
the initial SnO2 signal intensity (Fig. 4d). Presumably, a higher
pressure of EG or a higher temperature would eventually completely
reduce this species. These results with EG vapor further prove that
the reduction of the oxide film is achieved without dissolving the
metal ions as it would be the case in a classical polyol process.34

Discussion

Having shown that EG is capable of reducing the native oxide
layer on bulk Sn by two in situ techniques, the potential of Sn
nanoparticles (NPs, <150 nm), drop-casted onto a glassy carbon
(GC) disc, was measured in the LiTFSI-modified polyol setup to
check whether this method can be applied to nanoparticles as well.
Sn nanoparticles are also covered with a thin layer of Sn oxide,
where the composition/thickness of this oxide depends on the
synthesis method.52 The OCP-temperature profile shows a potential
drop that starts around 95 °C, followed by a second potential drop
beginning at 150 °C (Fig. 5a). This indicates that the Sn oxide thin

film on nanoparticles might be more resistive to reduction than that
on a flat Sn substrate, as would be expected due to the particle size
effect on the surface energy that shifts the redox equilibrium towards
the oxide for smaller particles.53 Additionally, the contact between
the nanoparticles forming the film may result in a reduced
accessibility by EG, thus requiring more time and higher tempera-
tures for the reduction. The absence of a hysteresis between the first
and the second heating ramps in addition to a potential difference of
about 470 mV between initial and final state indicate that oxide
reduction has successfully taken place. Again, the reduction could be
confirmed by the disappearance of the native oxide reduction feature
in the CV after the heating cycle (Fig. 5b).

The thermodynamic calculations (Fig. 2) suggested that the
reduction of NiO by EG should be possible, while Ta2O5 should
be unreducible even at 200 °C. Having established that a distinct
drop in potential shows the reduction of the native oxide thin film,
further experiments were carried out to prove the general applic-
ability of the method. As expected, the initial potential drop,
indicating the start of oxide reduction, occurred at a relatively low
temperature of ≈40 °C when using a Ni wire (Fig. 6a). Interestingly,
the potential during the second heating cycle perfectly overlapped
with the cooling branch of the first cycle, indicating that the
reductive strength of EG was sufficient to prevent any re-oxidation
of nickel by traces of oxygen in the system. Again, for nickel
nanoparticles (<100 nm), the reduction took place at higher tem-
peratures compared to a flat substrate, with no further reduction
observable during a second heating cycle (Fig. 6c). On the contrary,
the potential returned to the initial state when a tantalum wire was
heated in EG, indicating that no reduction of tantalum oxide had
taken place (Fig. 6b). Still, a hysteresis in the potential-temperature
profile was observed which may hint towards a reversible interaction
between EG and tantalum oxide that is kinetically hindered.

To this point, surface oxide reduction has merely been shown on
native oxide thin films on metal substrates. However, the general
applicability of using the polyol process for the reduction of surface
oxides would require that it is possible to reduce the surface of bulk
oxides as well. Thus, nanoparticles of antimony-doped tin oxide
(ATO, <50 nm), which are sufficiently conductive to allow for
monitoring the potential, were investigated (Fig. 6d). According to
the previous observations, the two distinct potential drops, starting at
≈60 °C and ≈140 °C, respectively, and a potential difference of
≈170 mV at room temperature after the heating cycle strongly
indicate that the reduction of the ATO surface was successful.

To demonstrate the general applicability of the newly discovered
phenomenon, Fig. 7 shows the Gibbs free energy of reduction of a
large number of oxides, using EG, plotted against temperature (both
at standard and non-standard conditions). Figure 7a shows that there
is a broad spectrum of oxides that can be readily reduced by EG,
even at room temperature, for instance, NiO, CuO, Co3O4, IrO2 and
MoO3. Some oxides, like Fe2O3, can be reduced by EG at elevated
temperatures, and numerous oxides cannot be reduced even at EG’s
boiling temperature, e.g., SnO2, WO3, Al3O4 and ZnO. We have
shown earlier that Sn oxide can be reduced by EG if the non-
standard conditions are considered in the calculation.

Figure 7b, in which the non-standard conditions were considered
in the calculation, shows that other than SnO2, there are a few metal
oxides that can be reduced by EG when the water content and CO2

concentrations are low enough. These oxides include In2O3, Fe3O4,
and WO3. The comparison between Fig. 7a and b shows that the
lines representing these metal oxides have moved below the zero line
and thus they thermodynamically can be reduced by EG (if a full
oxidation to CO2 is assumed). In Fig. 7c, the reduction of SnO2 to Sn
is calculated for a variety of (poly)alcohols assuming full oxidation
to CO2 and H2O, and non-standard conditions (the calculations
needed to obtain this figure are provided in the SI). While these
thermodynamic calculations obviously neglect the complexity of the
reduction reaction, they indicate that by tuning the reaction condi-
tions, e.g. reducing the concentration of the side products H2O and
CO2, and choosing a suitable (poly)alcohol, it is possible to reduce
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the surface of a broad range of metal oxides. It could be confirmed
by near ambient pressure XPS that indeed methanol is capable of
reducing the native SnO2 layer on a Sn substrate (data not shown).

Conclusions

The results presented in this study clearly demonstrate that the
polyol method is an efficient process in reducing oxide thin films on
extended surfaces as well as on nanostructures. It was further shown
that the reduction of these oxides can be in situ monitored by cyclic
voltammetry when adding a conductive salt, e.g. LiTFSI. A drop in
OCP was established as a clear indication for the reduction of an
oxide thin film, thus allowing for a simple method to monitor the
reduction process. In-situ recorded near ambient pressure XPS
directly showed the reduction of the native oxide layer on a Sn

substrate by EG at elevated temperatures, thus verifying the
electrochemical measurements. By OCP measurements, we have
shown that EG can reduce both Sn and Ni oxides, but it is not
capable of reducing Ta oxide under relevant conditions, and up to
the boiling temperature of the solvent. The new oxide reduction
process is independent of the oxide morphology (extended surfaces,
nanoparticles and nanowires), so it can have a technological impact
on metal coatings on oxide surfaces where the coating can be now
done through a metallic buffer layer as shown here.
Oxidecore-metalshell structures may now be obtained on any oxide
particle shape, which was limited in the past to surface modified
metal oxides54 or the use of metallic nanoparticles as intermediates
for the shell formation.55,56 Using this new approach, the surface of
oxide particles of various shapes can be reduced, and so a metal

Figure 5. Chemical reduction of the native oxide thin layer on Sn nanoparticles in ethylene glycol containing 0.25 M LiTFSI; (a) OCP-temperature profile of the
chemical reduction and electrochemical characterization points; (b) comparison of the CVs of fresh vs chemically reduced Sn nanoparticles (scan rate:
25 mV s−1).

Figure 6. OCP-temperature profiles of (a) a Ni wire; (b) a Ta wire; (c) Ni nanoparticles; and (d) Sb-doped Sn oxide (ATO) nanoparticles while heated in
ethylene glycol containing 0.25 M LiTFSI.
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layer may be coated on top of it via the polyol method, which is a
process we are currently investigating.
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3.2. Novel Catalyst Concepts for PEMFCs

3.2.2. SMSI-Induced HOR-Selectivity of Pt/TiOx Catalysts

This section presents the article ”Highly Selective Pt/TiOx Catalysts for the Hydro-

gen Oxidation Reaction” that was published in August 2019 in ACS Applied Energy

Materials.118 It is an open access article that is reprinted with permission from ACS

Appl. Energy Mater. 2019, 2, 5534-5539. Copyright 2019 American Chemical Society.

The permanent web-link to the article is https://dx.doi.org/10.1021/acsaem.9b00718.

Additionally, the paper was presented by Björn Stühmeier at the 70th Annual Meet-

ing of the International Society of Electrochemistry (August 4-9, 2019, Durban, South

Africa, Abstract number: ise185364).

As described in Section 1.3, the SMSI between a Pt nanoparticle and a reducible ox-

ide can significantly alter the electrocatalytic properties of the catalyst. For instance,

Banham et al. showed that Pt supported on Nb-doped TiO2 develops a reduced ORR

activity upon cycling the catalyst between 1.0 – 1.4V, while maintaining its HOR ac-

tivity.103 A similarly suppressed ORR activity has been shown by Hsieh et al. after

heating their Pt/TiO2 catalyst in reductive atmosphere.114 As mentioned in Sec-

tion 1.1, an anode catalyst that has a high HOR activity but at the same time a

low ORR activity should result in a significantly reduced degradation of the carbon

support of the cathode catalyst during SUSD events.59 However, the implementation

of an oxide supported catalyst is challenging, as oxides often lack the porous struc-

ture and electrical conductivity that render carbon to be the essentially exclusively

used support material for PEMFC catalysts.66 In this study, we aim to combine the

SMSI-driven superior HOR-selectivity of Pt/TiOx (x≤ 2) with the advantages of a

carbon support. This is achieved by depositing Pt nanoparticles synthesized by the

polyol process on nanoparticles of TiOx that are obtained from the hydrolysis of tita-

nium(IV)isopropoxide. The Pt/TiOx agglomerates are then deposited on a high sur-

face area Vulcan carbon support that ensures the structural integrity and large-range

electrical conductivity of the final catalyst layer in an MEA. The SMSI is achieved by

heating the catalyst to 400 °C in 5% H2/Ar.

Compared to a Pt/C reference catalyst, the Pt/TiOx/C catalyst shows almost no Pt

oxidation features and a significantly reduced ORR activity (≈ 10-times lower mass

activity for the as-synthesized catalyst and ≈ 50-times lower activity after the heat-

treatment), which agrees well with previous observations by other groups.101,102,114

The SMSI formation is confirmed by high resolution TEM images that show an en-
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capsulation of the Pt particles after the heat-treatment. Interestingly, the catalyst

shows not only an HOR activity that is higher than what can be measured with an

RDE setup, but also maintains the mass transport limited current up to 1.5VRHE,

whereas the Pt/C reference looses its HOR activity above 1.0VRHE due to Pt surface

oxidation. The HOR/HER kinetics obtained from polarization curves in 0.1M NaOH,

where the HOR/HER kinetics are roughly two orders of magnitude slower,181 show

that with an exchange current density of 57 ± 14Ag–1Pt, the heat-treated Pt/TiOx/C

catalyst is only ≈ 3 times less active compared to Pt/C (161 ± 18Ag–1Pt). Thus, the

selectivity, i.e., the ratio between HOR and ORR activity, of the Pt/TiOx/C
400°C,H2

catalyst is ≈ 18 times higher compared to Pt/C, which should make it a suitable SUSD

mitigation catalyst (this will be tested in Section 3.3.1).
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ABSTRACT: Reducing the cathode degradation in proton exchange membrane
fuel cells during start-up and shut-down events (where the anode is filled with H2
and air) is crucial for its widespread automotive implementation. The use of
selective catalysts for the hydrogen oxidation reaction (HOR) that sparingly
reduce oxygen on the anode could significantly reduce the carbon corrosion on
the cathode. Herein, we report a novel system of carbon supported Pt/TiOx
catalysts that combines the unique properties of a strong metal−support
interaction (SMSI) with the known advantages of a carbon support. High-
resolution transmission electron microscopy of the selective catalyst shows the
encapsulation of the Pt nanoparticles (NPs) by a TiOx layer resulting from the
SMSI. Rotating disk electrode experiments confirmed that Pt oxidation and
oxygen reduction are hindered due to the TiOx layer. Furthermore, a high HOR activity that is retained even at high potentials
proved the superior HOR selectivity of the catalyst.

KEYWORDS: electrochemistry, fuel cells, hydrogen oxidation reaction, oxygen reduction reaction, strong metal−support interaction,
start-up/shut-down

1. INTRODUCTION

A major durability issue of proton exchange membrane fuel
cells (PEMFCs) is the long-term stability of the cathode,
especially during start-up and shut-down (SUSD) events,
where a H2/air gas front passes through the anode, which leads
to the oxygen reduction reaction (ORR) in the air-filled anode
segment. At the adjacent segment of the cathode, carbon
oxidation and H2O oxidation take place, leading to its
degradation.1,2 Shintani et al. showed that if the ORR on the
anode is hindered due to a change in the support’s
conductivity upon switching from H2 to air, i.e., the Pt being
electrically insulated at high potentials, the degradation of the
cathode can be significantly reduced.3 Furthermore, Durst et
al. showed for Ir/C vs Pt/C that an anode catalyst selective for
the hydrogen oxidation reaction (HOR) compared to the ORR
could significantly reduce SUSD-induced performance losses.4

Still, only a few other HOR-selective catalysts have been
proposed, focusing mainly on highly dispersed Pt catalysts5,6 or
selective poisoning of the Pt surface.7,8 A promising approach
in this direction is the modification of the catalytic properties
of oxide-supported Pt-NPs by strong metal−support inter-
action (SMSI) effects. SMSI has long been known in
heterogeneous catalysis9 but only recently gained interest in
electrocatalysis, revealing, e.g., an exceptional CO oxidation
activity for Au/TiO2 vs Au/C

10 or a strongly enhanced ORR
activity for Pt/doped-SnO2 vs Pt/C.

11 Recent results for Nb-

doped TiO2-supported Pt further showed that the ORR
activity can be reduced upon cycling at high potentials,
apparently without affecting the HOR activity; this was
explained by selective Pt site blocking through the dissolution
and redeposition of the oxide support.12 Here, we present a
novel system of Pt/TiOx/C (x ≤ 2) catalysts that combine the
SMSI-driven superior HOR-selectivity of Pt/TiOx with the
advantages of a carbon support (high conductivity and low
packing density, yielding highly porous electrodes).

2. EXPERIMENTAL SECTION
The Pt/TiOx/C catalysts were synthesized by using a multistep
synthesis method. First, titania-NPs were obtained by the dropwise
addition of 1.15 mL of titanium(IV) isopropoxide dissolved in 50 mL
of absolute ethanol to 50 mL of water at 80 °C. After addition of
50 mL of ethylene glycol (EG), ethanol and water were removed in
vacuo. In a second flask, Pt-NPs were obtained by polyol synthesis
from 425 mg of potassium tetrachloroplatinate(II) dissolved in
250 mL of EG at a pH of ≈10 (adjusted using 0.1 M NaOH(EG)). The
solution was heated (4 °C min−1) to 130 °C, kept at this temperature
for 90 min, and then cooled to room temperature. Subsequently, both
vessels were sonicated for 10 min, and one-half of the Pt NP solution
was added to the titania dispersion, while the other half was added to
a suspension of 150 mg of Vulcan carbon in 100 mL of EG to obtain
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the Pt/C reference catalyst. The pH of both mixtures was adjusted to
≈4 by adding 0.1 M H2SO4(EG). The centrifugation of ≈0.5 mL of the
freshly prepared and pH-adjusted Pt + TiOx mixture led to a white
precipitation of TiOx and a brown centrifugate of well-dispersed Pt-
NPs. After 16 h of stirring, however, the same test resulted in a brown
precipitate and a colorless clear solution, thus indicating a successful
supporting of the Pt-NPs on the TiOx. Furthermore, a solution of Pt-
NPs stirred under the same conditions for 16 h without a support still
resulted in a stable brown solution after the centrifugation, indicating
that only when most of the Pt-NPs were successfully supported on
TiOx, a clear centrifugate could be observed. The Pt/TiOx suspension
was then added to a suspension of 150 mg of Vulcan carbon in
100 mL of EG and stirred for another 48 h. The catalysts were then
separated by centrifugation, washed three times with acetone, and
dried at 70 °C in air. Finally, 60 mg of the as-synthesized Pt/TiOx/
Cas‑synth. were heat-treated for 1 h at 400 °C (10 K min−1) in a

reductive atmosphere (5% H2/Ar) to obtain Pt/TiOx/C
400°C,H2.

Inductively coupled plasma mass spectrometry (ICP-MS) was used to
determine the Pt content of the catalysts.

3. RESULTS AND DISCUSSION

Rotating disk electrode (RDE) experiments were performed to
evaluate the electrochemical properties of the catalysts (for
details see our previous publications13,14 and the Supporting
Information). Figure 1a shows the cyclic voltammograms
(CVs) of the catalysts in Ar-saturated 0.1 M HClO4. In
agreement with the literature,13,15 Pt/C (dotted line) exhibits
hydrogen underpotential deposition (Hupd) features at <0.4 V
vs the reversible hydrogen potential (RHE) as well as platinum
oxidation (Ptox) and corresponding reduction features at
>0.6 VRHE. These features are suppressed for both Pt/TiOx/
C catalysts, and a reductive feature at 0.09 VRHE is observed for
Pt/TiOx/C

as‑synth. (red line) in the negative going scan. The
charge is not fully compensated in the positive going scan,
which can be explained by hydrogen spillover (Hso) from Pt
onto the oxide supports, which is well-known in heterogeneous
catalysis.16,17 This leads to the observed imbalance between
anodic and cathodic charges (note that this imbalance
disappears after a large number of scans; data not shown).
This charge imbalance is not as pronounced for Pt/TiOx/

C400°C,H2 since the support is already partially reduced after the
heat treatment in H2. The Ptox features are suppressed
completely for both Pt/TiOx/C catalysts, similar to what has
been reported for Pt/TiOx,

18,19 heat-treated Pt/TiO2,
20 and

cycled Pt/(Nb)TiO2.
12,21

Figure 1b shows the RDE-based ORR activity of the
catalysts, whereby the mass-transport-limited current densities
are within 10% of previously reported values,14,22 thus
confirming the high quality of the coatings. Quite clearly,
compared to the Pt/C catalyst, the ORR activities of the Pt/
TiOx/C catalysts are substantially lower, particularly after

hydrogen treatment (Pt/TiOx/C
400°C,H2). To extract kinetic

data from the ORR polarization curves, corrections for the
diffusion overpotential and oxygen mass transport were applied
(details in the Supporting Information).14,22 Unfortunately, the
electrochemically accessible surface area (ECSA) of the Pt/
TiOx/C catalysts cannot be determined reliably by using the
Hupd area due to the SMSI-induced Hso effects, nor can it be
quantified by CO stripping voltammetry, as SMSI effects
significantly hinder CO chemisorption.23 Therefore, the ORR
activities are normalized to the Pt mass throughout this study,
which is reasonable considering the essentially identical
transmission electron microscopy (TEM) derived Pt particle

size distributions (Figure 1b, inset) with Sauter diameters
(≡ ∑di

3·(∑di
2)−1) and thus specific surface areas being very

similar (2.6 nm for Pt/TiOx/C
as‑synth., 2.8 nm for Pt/C, and

3.0 nm for Pt/TiOx/C
400°C,H2). Figure 1c shows the Tafel plot

of the diffusion overpotential- and iR-corrected potential vs the
mass-specific kinetic current density. The ORR mass activity is
≈10-fold reduced upon the introduction of TiOx and by ≈50-
fold after catalyst heat treatment in H2. Based on the TEM

Figure 1. Comparison of Pt/TiOx/C
as ‑ syn th . (red line,

16.7 μgPt cmdisk
−2), Pt/TiOx/C

400°C,H2 (green line, 20.5 μgPt cmdisk
−2),

and Pt/C (dotted line, 14.8 μgPt cmdisk
−2). All measurements were

conducted at room temperature with a scan rate of 10 mV s−1 and
with an ionomer/carbon mass ratio of I/C = 0.1. (a) CVs in Ar-
saturated 0.1 M HClO4 at 0 rpm. (b) Capacitively corrected ORR
polarization curves recorded in O2-saturated 0.1 M HClO4 at
1600 rpm (only the positive-going scan is shown); inset: particle
size distribution obtained by TEM. (c) Tafel plot of diffusion
overpotential corrected, iR-free potential vs mass-specific kinetic
current density, whereby the given numerical mass activity values at
0.9 VRHE are the average of at least two separate measurements.
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analysis, the strongly reduced ORR activity cannot be
explained by Pt sintering, but rather by a SMSI effect, as
observed by Hsieh et al.,20 or by an atmospheric switching
resistive mechanism (ASRM), as proposed by Shintani et al.3

However, the latter is unlikely to be the cause in the presented
experiments, as a carbon support was used. The current path
through the TiOx is therefore only a few nanometers as
compared to a few micrometers in the case of a purely Ta-
TiO2-based electrode used by Shintani et al.3 An increase in
resistance by about an order of magnitude3 on such short
current paths will not lead to a complete insulation of Pt at
high positive potentials. Since Hsieh et al.20 and Banham et
al.12 have both clearly demonstrated a deactivation of their
respective catalysts without changing the support or the
atmosphere, there must be an effect other than the ASRM. The
observed behavior cannot be explained by the formation of a
PtTi alloy either, as this would lead to no significant change in
the Pt oxidation features and an increase in ORR activity.24

Figure 2 shows TEM images (experimental details in the
Supporting Information) of Pt/TiOx/C

as‑synth. (left) and Pt/

TiOx/C
400°C,H2 (right). Before the heat treatment, a differ-

entiation between the titania and the carbon support is
challenging due to a low contrast and the low crystallinity of
the TiOx (Figure 2a). The images show areas with high Pt

content and others that are Pt-free, indicating the presence of
Pt exclusively on TiOx, as expected from the synthesis. The
representative selected area electron diffraction (SAED,
corresponding TEM image in Figure S1a) pattern merely
shows reflections from Pt-NPs. After heat treatment, the TiOx
becomes crystalline, as seen by additional strong rutile phase
reflections in the SAED (Figure 2b and Figure S1b). Probing
different areas by energy dispersive X-ray spectroscopy (EDX)
shows that the Pt-containing areas consist mainly of Pt and
TiOx, while the Pt-free areas are carbon. Thus, the Pt-NPs are
exclusively supported on TiOx, and the Pt/TiOx material is
well-distributed on the C support. The high-resolution (HR)
TEM images indicate another difference between the two
samples. For the as-synthesized catalyst, the lattice fringes of
the titania-adsorbed Pt-NPs extend to the edge of the particle
(Figure 2c). However, after reductive heat treatment, a thin
layer of TiOx covering the Pt particles is observed (indicated
by yellow arrows in Figure 2d). The encapsulation of Pt-NPs
during reductive heat treatment is widely known to occur with
SMSI formation.20,25−27 It has been shown that the
encapsulation of Pt by TiOx takes place, regardless of the Pt
particle size, while it was found to be faster for smaller
particles.25 Because of analytical constraints, an unambiguous
detection of Pt encapsulation was only possible for larger Pt
particles; however, this does not exclude that it may occur also
for smaller Pt particles. Otherwise, the overall decrease in the
ORR activity cannot be explained, particularly since it was
recently shown that removing the TiOx layer by etching with
hydrofluoric acid restores the ORR performance.20

TiOx layers have been discussed to be permselective,
allowing for H2 chemisorption to partially take place.28

Additionally, Hsieh et al. observed that the Hupd process is
hindered less than Ptox formation, concluding that the TiOx
layer must be permeable for protons but not for hydroxyl
groups.20 Taking these observations into account, the hydro-
gen evolution reaction (HER) and the HOR would be
expected to take place even on encapsulated Pt particles. To
examine this hypothesis, HER/HOR polarization curves were
recorded for all catalysts in H2-saturated 0.1 M HClO4 at
1600 rpm (Figure 3a). Clearly, all catalysts reach 99% of the
mass-transport-limited current density at 60 mVRHE, thus being
limited exclusively by the diffusion overpotential, which implies
that the HOR/HER activity is too high to be quantifiable by
RDE.29 As is well-known, the HOR activity of the Pt/C
catalyst decreases above 0.7 VRHE and vanishes at 1.0 VRHE due
to Ptox formation. This also occurs for the Pt/TiOx/C

as‑synth.

catalyst, even though its activity remains finite even at
>1.0 VRHE. Quite surprisingly, no such HOR/HER activity

loss is observed for Pt/TiOx/C
400°C,H2, even at 1.5 VRHE, which

we ascribe to SMSI effects with the TiOx layer preventing Pt
oxidation without electrically insulating the catalyst. Although
Pt stabilization against oxidation by TiO2 was suggested by
Gebauer et al.,30 the possibility to oxidize H2 at such high
potentials represents a finding, which, to the best of our
knowledge, has not previously been reported.
For this reason, HER/HOR polarization curves were

recorded at different rpm for Pt/TiOx/C
400°C,H2 (Figure 3b).

The Koutecky−́Levich plot (inset) relating the reciprocal
current density at 1.4 VRHE and the inverse square root of the
rpm shows a linear relation and an essentially zero y-axis
intercept, thus confirming that the current densities are purely
mass transport limited,29 indicated by the blue line in Figure

Figure 2. (HR) TEM images of Pt/TiOx/C
as‑synth. and Pt/TiOx/

C400°C,H2. (a) TEM image of the Pt/TiOx/C
as‑synth. catalyst showing

areas with a high Pt content and Pt-free areas. The SAED pattern
shows a low TiOx crystallinity of the sample together with sharp
reflections from Pt single crystals. The contrast does not allow for a
differentiation between the titania and carbon. (b) TEM image and

corresponding SAED pattern of the Pt/TiOx/C
400°C,H2 catalyst.

Because of the increased TiOx crystallinity (SAED), a differentiation
(by EDX) is possible for this sample. Pt-containing areas consist of
TiOx, while Pt-free areas are the carbon support. (c) HR-TEM of a Pt
particle on titania on the as-synthesized sample showing the absence
of any surface layer on Pt-NPs. (d) HR-TEM of the Pt/TiOx/

C400°C,H2 catalyst showing the formation of a TiOx surface layer on Pt-
NPs (indicated by yellow arrows).
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3b, which represents the pure Nernstian diffusion overpotential
at 2500 rpm.13 The ability to perform HOR at these high
potentials is of great interest for PEM water electrolysis
applications, where hydrogen crossover is a critical safety issue,
as the Ir-based oxygen evolution catalyst has no HOR activity.

A typical solution for such problem is the use of platinized
anode current collectors to promote the recombination/
oxidation of crossed-over H2.

31

Because of the fast HOR/HER kinetics on Pt in acidic
electrolytes, no HOR/HER kinetics can be obtained from
RDE data. This makes it impossible to quantify changes in the
HOR selectivity in acid electrolytes, a fact which has been
ignored in previous studies.5−8 Thus, we conducted measure-
ments in an alkaline electrolyte, where the catalyst shows
similarly reduced ORR activity and high potential stability for
the HOR (Figure S2). While many studies suggest that the
HER/HOR follows a different mechanism involving hydroxide
ions in an alkaline environment,32−34 recent studies suggest
that the HER/HOR follows the same microscopic steps
involving protons as compared to acidic environ-
ment.13,29,35−37 Thus, the HER/HOR activity of the catalyst
is not significantly reduced at high pH although the TiOx layer
hinders the hydroxide ions from reaching the Pt surface. As the
HER/HOR kinetics on Pt are ≈100-fold slower in an alkaline
environment, the exchange current density i0 (in A gPt

−1) can
be obtained from the micropolarization region (±10 mV) by
using the linearized form of the Butler−Volmer equation:13,38

α α
η≈

+
i i

F
RT

( )
mass
kin

0
a c

(1)

with the mass-specific kinetic current imass
kin , the anodic/cathodic

transfer coefficients αa/αc, the Faraday constant F, the ideal gas
constant R, the temperature T, and the reaction overpotential η
that is equal to the diffusion overpotential- and iR-corrected
potential. According to earlier results for Pt-based catalysts in
alkaline media, the sum of αa and αc is 1.

13,38,39 Thus, i0 can be
extracted from the micropolarization region by using eq 1. The
negative-going scans (points) and the corresponding linear fits
(lines) of the measurements indicating highest/lowest

obtained activities for Pt/C and Pt/TiOx/C
400°C,H2 are shown

in Figure 3c. The obtained activity of 161 ± 18 A gPt
−1 for Pt/

C is in good agreement with that reported by Schwam̈mlein et
al. (182 ± 7 A gPt

−1) for a similar Pt particle size.38 With an i0
of 57 ± 14 A gPt

−1, Pt/TiOx/C
400°C,H2 is only ≈3-fold less

active. This may be due to various effects which we cannot yet
quantify: (i) a lower Pt surface area (see Figure 1a), (ii) the
encapsulation of Pt with TiOx, hindering H2/H

+ transport,
and/or (iii) the low conductivity of the TiOx particles, leading
to electron transport resistances between the Pt-NPs and the
carbon support.
While previous studies on HOR-selective catalysts showed

reduced ORR activity without properly quantifying the HOR
activity,5−8,12 we can now estimate the changes in the HOR
selectivity by assuming that the above shown HOR activity
differences in NaOH are representative of the those in HClO4
or in a PEMFC. Thus, we here define the selectivity S as the
ratio of the HER/HOR exchange current density obtained in
0.1 M NaOH and the ORR activity obtained at 0.9 VRHE in
0.1 M HClO4 (note that the ORR at the anode during SUSD
occurs at an absolute potential of ≈0.8−0.9 VRHE):

4

=S
i

i
(HER/HOR)

(ORR)
0

mass
kin

(2)

The thus-defined selectivity value of 8.1 ± 3.2 for the Pt/

TiOx/C
400°C,H2 catalyst is by far superior compared to 0.45 ±

0.11 for Pt/C. While this does not correspond to the actual

Figure 3. HER/HOR polarization curves recorded in H2-saturated
electrolytes at room temperature and 10 mV s−1 (I/C = 0.1). (a)
Comparison of Pt/TiOx/C

as‑synth. (red line, 16.7 μgPt cmdisk
−2), Pt/

TiOx/C
400°C,H2 (green line, 20.5 μgPt cmdisk

−2), and Pt/C (dotted line,
14.8 μgPt cmdisk

−2) at 1600 rpm in 0.1 M HClO4. (b) Rotation rate
dependency (top to bottom: 2500, 1600, 900, 400, and 200 rpm) for

the Pt/TiOx/C
400°C,H2 catalyst in 0.1 M HClO4. The polarization

curve at 2500 rpm directly follows the HOR diffusion overpotential
(blue line), indicating that the kinetics are too fast to be quantified by
RDE. The inset shows a Koutecky−́Levich plot of the inverse of the
current density at 1.4 VRHE vs the inverse square root of the electrode
rotation speed ω. (c) Mass-specific kinetic current density vs diffusion
overpotential- and iR-free potential in the micropolarization region
obtained from HER/HOR polarization curves in 0.1 M NaOH at

1600 rpm for Pt/TiOx/C
400°C,H2 and Pt/C (same loadings as above).

Depicted are the negative-going scans (points) and linear fits (lines)
of two separate measurements each.
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selectivity in a PEMFC, the ≈18-fold difference between these
selectivities is a reasonable estimate of what one might expect.
Nevertheless, a clear answer requires the measurement of the
HOR/HER and ORR kinetics in a PEMFC as well as actual
SUSD experiments, which will be conducted in a follow-up
study.

4. CONCLUSION
To summarize, an HOR-selective catalyst based on Pt/TiOx
was synthesized via a multistep synthesis combined with a
reductive heat treatment, which leads to the (partial)
encapsulation of the Pt-NPs of this catalyst (Pt/TiOx/

C400°C,H2) as observed by HR-TEM. The ≈50-fold lower

ORR activity of the Pt/TiOx/C
400°C,H2 catalyst compared to a

Pt/C catalyst was confirmed by RDE in 0.1 M HClO4.
Furthermore, the surface oxidation of Pt particles of the here
synthesized catalysts was strongly suppressed, concomitant
with a high HOR activity even at high positive potentials.
Measurements in alkaline electrolyte confirmed an only ≈3-
fold lower HER/HOR exchange current density of Pt/TiOx/

C400°C,H2 compared to conventional Pt/C. Consequently, we
estimate that the former has a superior HOR selectivity
compared to Pt/C. Because of these unique properties, this
novel catalyst system is interesting for the application in both
electrolyzers and fuel cells.
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3.2. Novel Catalyst Concepts for PEMFCs

3.2.3. Suppression of the Ruthenium Surface Oxide Formation by

SMSI Effects

This section presents the article ”Modification of the Electrochemical Surface Ox-

ide Formation and the Hydrogen Oxidation Activity of Ruthenium by Strong Metal

Support Interactions” that was published in March 2022 in the Journal of The Elec-

trochemical Society.120 It is an open access article published under the terms of the

Creative Commons Attribution 4.0 License (CC BY). The permanent web-link to the

article is https://doi.org/10.1149/1945-7111/ac58c9.

Based on the stabilization of the HOR activity at high positive potentials for TiO2-

supported Pt, this study explores whether Ru could be stabilized against surface oxida-

tion in a similar fashion. Thus, the established synthesis procedure is adapted to obtain

a Ru/TiOx/C
as-synth. catalyst and, after a subsequent reductive heat-treatment, the

final Ru/TiOx/C
400°C,H2 catalyst, whereby the Ru nanoparticles sinter significantly

during the latter process, with the Sauter mean diameteter increasing from 2.0 to

4.4 nm. It is confirmed by tomographic TEM imaging and EDX mappings that the

catalyst consists mostly of agglomerated Ru/TiOx-composites adsorbed on the Vulcan

carbon support structure. Similarly, it is confirmed by CVs that the oxidation of Ru

is indeed suppressed for the Ru/TiOx/C
400°C,H2 catalyst. This stabilization of the

Ru surface to remain in its metallic state at high positive potentials is furthermore

confirmed by XPS, whereby the catalysts are polarized for 600 s in 0.1M HClO4 and

even after polarization at 1.3VRHE, the Ru 3d5
2
peak of the Ru/TiOx/C

400°C,H2 cata-

lyst remains at the binding energy of Ru(0), while the Ru/C reference catalyst is fully

oxidized to Ru(IV). In conventional RDE experiments, the Ru/TiOx/C
400°C,H2 cata-

lyst showed an excellent stabilization of the HOR activity up to the onset of the OER

at 1.3VRHE, whereas the HOR activity of the Ru/C reference quickly decays after

reaching the mass transport limited current density at 0.11VRHE. This stabilization

of metallic Ru by SMSI results in a suppression of the OER activity above 1.3VRHE,

where the Ru/C reference catalyst outperforms the heat-treated catalyst.

Finally, the HOR/HER kinetics of the catalysts are determined by H2-pump measure-

ments. Here, the stabilization of the HOR activity of the Ru/TiOx/C
400°C,H2 catalyst

can be confirmed, whereby at an overpotential of ≈ 0.1V, a maximum HOR current

plateau of ≈ 9Amg–1Ru is reached and maintained up to an overpotential of ≈ 0.45V.
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3. Published Work

With an exchange current density of 8.2± 0.3Amg–1Ru, the Ru/TiOx/C
400°C,H2 cata-

lyst proves to be three times more active than Ru/C (2.5± 0.2Amg–1Ru), but roughly

two orders of magnitude less active than Pt/C under the same conditions.25 In sum-

mary, it is shown that Ru can be stabilized for the HOR/HER by an SMSI, but the

low activity and limited stability of both Ru182,183 and TiO2
121 prevent this type of

catalyst from representing a feasible alternative to conventional Pt/C catalysts.
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A major hurdle for the wide spread commercialization of proton exchange membrane based fuel cells (PEMFCs) and water
electrolyzers are the durability and high cost of noble metal catalysts. Here, alternative support materials might offer advantages, as
they can alter the properties of a catalyst by means of a strong metal support interaction (SMSI) that has been shown to prevent
platinum oxidation and suppress the oxygen reduction reaction on titanium oxide supported platinum nanoparticles deposited on a
carbon support (Pt/TiOx/C). Herein, we report a novel Ru/TiOx/C catalyst that according to tomographic transmission electron
microscopy analysis consists of partially encapsulated Ru particles in a Ru/TiOx-composite matrix supported on a carbon support.
It is shown by cyclic voltammetry and X-ray photoelectron spectroscopy that ruthenium oxidation is mitigated by an SMSI
between Ru and TiOx after reductive heat-treatment (Ru/TiOx/C

400°C,H2). As a result, the catalyst is capable of oxidizing hydrogen
up to the onset of oxygen evolution reaction, in stark contrast to a Ru/C reference catalyst. PEMFC-based hydrogen pump
measurements confirmed the stabilization of the hydrogen oxidation reaction (HOR) activity on Ru/TiOx/C

400°C,H2 and showed a
≈3-fold higher HOR activity compared to Ru/C, albeit roughly two orders of magnitude less active than Pt/C.
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Water electrolyzers and hydrogen powered fuel cells are ex-
pected to play a key role in energy storage and production when
transitioning to a carbon neutral economy based on renewable
energy to combat climate change.1,2 For both technologies, a major
hurdle for wide-spread commercialization are the high system costs,
whereby a significant fraction results from the use of noble metal
based electrocatalysts. Proton exchange membrane fuel cells
(PEMFCs) rely on Pt-based catalysts for the hydrogen oxidation
reaction (HOR) and the oxygen reduction reaction (ORR).3

Similarly, Pt-based hydrogen evolution reaction (HER) and Ir-based
oxygen evolution reaction (OER) catalysts are used in proton
exchange membrane water electrolyzers (PEMWEs).4 Due to the
sluggish kinetics of the ORR and OER, the main focus of catalyst
development for these devices has been on reducing the noble metal
loading of the respective oxygen electrodes by seeking to develop
Pt-free ORR catalysts as well as highly active and durable Pt-alloy
catalysts for low-loaded PEMFC cathodes,5,6 and to reduce the
anode loading of PEMWE systems.7 On the contrary, the hydrogen
side is often neglected with regards to potential catalyst cost savings.
This is due to the extremely fast kinetics of the HER/HOR (Eq. 1)
that allows for the use of metal loadings of ≈ 0.025–0.05 mgPt
cmgeo

−2,8–10 which should be sufficient to reach target loadings of
≈0.125 mgPt cmgeo

−2 for the whole membrane electrode assembly
(MEA) of PEMFC systems.11,12

⇄ + [ ]+ −H 2 H 2 e 12

At such low Pt loadings, however, even a modest loss of electro-
chemically active surface area (ECSA) of either of the electrodes due
to cell-reversal (CR) or start-up and shut-down (SUSD) events can
lead to a noticeable performance degradation of the PEMFC.6,13–16

In this respect, Ru might offer advantages as an anode catalyst as it
might mitigate some of the most detrimental ECSA degradation
phenomena in PEMFCs: Ru in the form of ruthenium oxide is well
known to be a highly active oxygen evolution catalyst,17,18 and
employing an OER catalyst on the anode has been shown to
significantly increase the system durability in CR events.19

Additionally, Ru is essentially inactive for the ORR,20 which could
significantly reduce cathode degradation during SUSD events, as
was shown for iridium catalysts that have a high HOR activity and a
low ORR activity.21 Finally, it exhibits a high CO tolerance, which
might reduce the required purification efforts to remove CO from
reformate gas.22 However, the HOR on ruthenium catalysts is
inhibited by hydroxide adsorption even at low overpotentials,23,24

preventing its use as a commercial anode catalyst. In order to enable
the use of ruthenium as an alternative to platinum based HOR
catalyst, the (surface-)oxidation of metallic ruthenium would have to
be suppressed and the thus stabilized catalyst would need to have at
least 10% of the mass activity of Pt (i0 = 540 ± 160 A mgPt

−1)25 and
a similar long term stability in order to be of any practical advantage.

In recent years, the field of oxide supported metal nanoparticles
has gained interest due to the unique properties of a strong metal-
support interaction (SMSI) effect that can dramatically alter the
catalytic properties of the metal. The SMSI is characterized by a
modified bonding interaction between the metal and a partially
reduced oxide support that in most cases results in an encapsulation
of the metal nanoparticles by a thin (sub-)oxide layer.26–29 The
driving force for this encapsulation is widely considered to be the
minimization of the surface energy of the nanoparticles.30,31 When it
comes to the alteration of the electrocatalytic behavior of such
systems, it was shown that when a Nb-doped TiO2 supported Pt
catalyst was exposed to voltage cycling between 1.0–1.4 V vs the
reversible hydrogen electrode (RHE), Pt oxidation features and ORR
activity were apparently reduced without affecting the HOR activity;
this was explained by selective Pt-site blocking through the
dissolution and re-deposition of a very thin layer of the oxide
support (on the order of one to a few monolayers) on the Pt
surface.32 Depending on the thickness, such thin oxide layers might
significantly affect the charge transport mechanism and thereforezE-mail: bjoern.stuehmeier@tum.de
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alter the electrochemical reactivity of the catalyst.33 Similarly, a
TiO2 supported Pt catalyst that was exposed to reductive conditions
during the atomic layer deposition of Pt or in H2 atmosphere showed
an HOR activity of Pt that was stabilized up to 1.5 VRHE, while the
ORR activity was almost completely suppressed.34,35 While some of
these effects have been explained by a change in conductivity of the
oxide support material depending on the atmosphere,36 other studies
suggest that a proton conducting monolayer-thick film of (sub-)oxide
encapsulates the nanoparticles and prevents oxygenated species from
reaching the metal surface, thereby stabilizing the reduced state of
the metal nanoparticles.32,34,35,37,38 It seems reasonable to speculate
that the HOR activity of other HER/HOR active metals such as Ru
might be preserved in a similar fashion at potentials where a
deactivation due to surface oxidation would occur otherwise.
Indeed, it was recently shown by Zhou et al. that Ru clusters can
be stabilized against oxidation in a TiO2 matrix while remaining
active for the HOR beyond 0.5 VRHE even when poisoned by CO.39

In this study, we present a novel Ru/TiOx/C (x⩽2) catalyst that is
capable of oxidizing hydrogen up to the onset of the OER at 1.3
VRHE. This catalyst is based on the deposition of Ru nanoparticles on
nano-sized titantium oxide particles, the subsequent adsorption of
the resulting Ru/TiOx particles onto high-surface area carbon Vulcan
carbon (Ru/TiOx/C), and a reductive treatment in H2-containing
atmosphere at 400 °C (Ru/TiOx/C

400°C,H2). After a detailed structural
investigation of the hierarchical catalyst by transmission electron
microscopy (TEM) using a tomographic tilt-series in combination
with selective area electron diffraction (SAED), the stability against
oxidation of the catalyst is compared to a Ru/C reference catalyst by
means of rotating disk electrode (RDE) measurements and ex-situ X-
ray photoelectron spectroscopy (XPS). Based on the differences in
oxidation behavior, the retention of the HOR activity and the effect
of the SMSI on the OER activity, as observed in RDE, is discussed.
Finally, catalysts were implemented in membrane electrode assem-
blies (MEAs) in order to quantify their HOR/HER activity via
PEMFC-based hydrogen pump measurements. The implications on
the usability of Ru-based catalysts for the hydrogen side of PEMFC
will be discussed.

Experimental

Catalyst synthesis.—The Ru/TiOx/C catalysts were prepared
based on a previously reported multistep synthesis procedure for
Pt/TiOx/C catalysts,35 whereby the key synthesis steps and adapta-
tions are described in the following. First, Ru-nanoparticles (Ru-NP)
were prepared using the polyol reduction method: 150 mg RuCl3
(45%–55% Ru content, Sigma Aldrich) and 75 mg polyvinylpyrro-
lidone (PVP, average Mw ≈55000, Sigma Aldrich) were dissolved
in 500 ml of water-free ethylene glycol (EG, 99.8%, anhydrous,
Sigma Aldrich), deaereated by argon (6.0-grade, Westfalen AG),
then the solution was heated from room temperature to 155 °C at a
constant rate of 4 °C min−1 (controlled by a temperature controller;
model 310, J-KEM), kept there for 90 min, and subsequently was
allowed to cool down to room temperature. Meanwhile, a solution of
0.84 ml titanium(IV)isopropoxide (⩾97%, Sigma Aldrich Corp.) in
75 ml ethanol (EtOH, 99.8%, absolute, Sigma Aldrich Corp.) was
added dropwise over the course of ca. 10 min to 75 ml of high purity
water (H2O, 15 MΩ∙cm, E-POD, Merck Millipore KGaA) held at
80 °C. After stirring for 60 min, 150 ml EG were added and the
titania dispersion was allowed to cool down to room temperature.

Then, H2O and EtOH were evaporated using a rotary evaporator
(Hei-VAP Value; Heidolph Instruments GmbH & CO. KG.) resulting
in a titania dispersion in the remaining EG. Subsequently, the Ru-NP
suspension was added to the titania dispersion and stirred for
24 h at room temperature. The suspension of the resulting
Ru/TiOx-composite (x ⩽ 2, whereby TiOx might be partially
hydrated)35 was added to a suspension of 108 mg Vulcan carbon
(XC-72R, Tanaka Kikinzoku International K. K., Japan) dispersed by
ultrasonication in 150 ml EG and stirred for another 48 h. Afterwards,
the volume of the suspension was doubled with acetone (⩾98%,
Sigma Aldrich Corp.), stirred for another 12 h, and centrifuged at
11000 rpm at 10 °C in an ultra-centrifuge (5810 R, Eppendorf) to
separate the Ru/TiOx/C catalyst and the solvent. Finally, the catalyst
was washed three times with a 50/50 (v/v) acetone/water mixture and
dried at 70 °C in air to obtain the Ru/TiOx/C

as-synth. catalyst. Finally,
a heat treatment at 400 °C (10 K min−1) for 1 h under reductive
atmosphere (5% H2/Ar) was performed to obtain the
Ru/TiOx/C

400°C,H2 catalyst.
The elemental composition of Ru/C and Ru/TiOx/C

400°C,H2 was
determined by inductively coupled plasma mass spectrometry (ICP-
MS) after acid digestion (aqua regia according to the procedure
proposed by Suoranta et al.40 for Ru and sulfuric acid for Ti), and by
carbon oxidation at elevated temperatures in air. The results are
given in Table I. Note that the samples were analyzed as stored
under ambient conditions. Thus, the total masses add up to less than
100% when considering only Ru, TiO2, and C due to water
adsorption and, in the case of Ru/C, ruthenium bulk oxidation.

Transmission electron microscopy and electron diffraction.—
The powders of each specimen were dispersed in pure ethanol and
sonicated for 5 min 3 μl of the dispersion was drop-casted on 300
mesh lacey-carbon cupper grids and air-dried at 40 °C. TEM, high
resolution (HR-)TEM, and electron diffraction investigations were
performed at an FEI TECNAI G220 S-Twin transmission electron
microscope with LaB6 emitter, operated at 200 kV. TEM images
were acquired with a Gatan 1kx1k MSP794 P CCD-camera. The
microscope is further equipped with an EDAX r-TEM SUTW EDX
detector, a customized DISS6 scan unit by point electronic GmbH,
and a combined BF-ADF-HAADF-STEM detector from PN-
Detector for STEM investigations and qualitative elemental
mappings.

Tomographic tilt-series were acquired in TEM-mode for alpha-
tilts between −60° and +70° using a Fischione Dual-Axis
Tomography Holder Model 2040. For tomographic data processing,
the IMOD and etomo software were used; DigitalMicrograph was
used for evaluating HR-/TEM images and diffraction patterns; the
EDAX Genesis Software was used for EDX-data acquisition and
evaluation.

Rotating disk electrode, hardware and preparation.—The elec-
trode and ink preparation, as well as the setup and measurement
procedure were already reported in previous publications by our
group.41–43 For the preparation of the electrolytes and for the rinsing
of the measurement components, 18.2 MΩ cm deionized water (Milli-Q
Integral 5, Merck Millipore KGaA) was used. Glassy Carbon (GC)
electrodes (5 mm diameter, Pine Research Instrumentation) fixed in a
PTFE-body (Pine Research Instrumentation) were used as working
electrodes (WE). The GC substrates were polished with a 0.05 μm
Al2O3 polishing suspension (Bühler AG) and sonicated various times in

Table I. Weight percentages of Ru, Ti, and C in the catalyst samples as obtained by ICP-MS and carbon oxidation. The remaing mass percentages
up to 100% are due to the oxygen in the titanium oxide, the largely oxidized form of ruthenium NPs, and adsorbed water.

Catalyst Ru-Content [wt.%] Ti-Content [wt.%] C-Content [wt.%]

Ru/C 17.1 — 67.6
Ru/TiOx/C

400°C,H2 8.8 28.6 23.3
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Milli-Q water. Inks were prepared by adding high purity acetone
(⩾99.9%, Chromasolv Plus, for HPLC, Sigma Aldrich Corp.) to the dry
catalyst. The catalyst content in the ink was adjusted to achieve Ru
loadings of ≈20 μgRu cmdisk

−2 (corresponding to ≈0.09 mgVulcan
cmdisk

−2, which yields a catalyst layer film thickness of ≈3 μm (based
on a packing density of ≈28 μm (mgVulcan cmdisk

−2)−1 on the glassy
carbon disk).44 The catalyst suspension was sonicated in a sonication
bath (Elmasonic S 30 H, Elma Schmidbauer GmbH), maintaining the
bath temperature at less than 25 °C to avoid evaporation of the solvent.
Nafion (5 wt.% in lower aliphatic alcohols, 15%–20% H2O, Sigma
Aldrich Corp.) was then added to the suspension, resulting in an
ionomer to support (C + TiOx) ratio of 0.1 gI gS

−1, followed by
sonication in a weaker sonication bath (USC100T, VWR International
GmbH) for at least 10 min 10 μl of ink were dropped on a GC disk,
which was subsequently covered with a small glass vial. As still some
catalyst (≈5%–10%) remained as an unsuspended sediment, 10 μl of
ink were dropped in parallel on each of six aluminum foil pieces
(10 mm diameter), whose blank weight prior to applying the ink had
been determined with an ultra-high precision balance (XP6, Mettler-
Toledo GmbH). After drying at room temperature, the actual catalyst
loading on the disk was inferred to be 17 ± 2 μgRu cmdisk

−2 based on
the mass of the catalyst deposits on the aluminum foil samples.

Electrolyte solutions were prepared from high purity HClO4

(60%, Guaranteed Reagent, Kanto Chemical Co., Inc., Japan) by
addition of ultrapure water. Argon and hydrogen gases used for
purging the electrolyte were of high purity (6.0-grade, Westfalen
AG). A glass cell with a Pt mesh as the counter electrode that was
separated by a glass frit from the working electrode compartment
was used. As reference electrode (RE), a static hydrogen RE was
used as a reversible hydrogen electrode (RHE), consisting of a Pt
wire (1.0 mm diameter; >99.99% purity, ADVENT Research
Materials Ltd., UK) sealed into a glass tube that was partially filled
with the same electrolyte as that used for the RDE measurements
and whose other end was drawn to a capillary; a hydrogen bubble
was evolved electrolytically inside the glass tube prior to usage.45

The capillary was immersed into the electrolyte and, separated from
the RDE compartment with an electrolyte bridge. This reference
electrode (RE) was freshly prepared each day and calibrated against
a polycrystalline Pt disk electrode in H2 saturated electrolyte and.
Electrochemical measurements were performed using an Autolab
potentiostat (PGSTAT302N, Metrohm AG, Switzerland) equipped
with an analog potential scan module, a frequency response
analyzer, and a bipotentiostat module. A rotator with a polyether
ether ketone shaft (Pine Research Instrumentation, USA) was used.

Rotating disk electrode measurements.—Prior to any measure-
ments, the catalysts were cleaned by cycling the potential 25 times
between 0.0 and 1.0 VRHE at 100 mV s−1 in an Ar-saturated
electrolyte, after which steady-state CVs were obtained, directly
followed by CV measurements (3 cycles each) at 20 mV s−1 with a
lower potential limit of 0.02 VRHE and an upper potential limit
increasing in 0.1 V steps from 0.6 to 1.3 VRHE. The high frequency
resistance (HFR in Ω) between WE and RE was determined by
electrochemical impedance spectroscopy (EIS) from 100 kHz to
100 Hz at the open circuit voltage (OCV) with an amplitude of
10 mV. Potentials corrected according to Eq. 2 are denominated
EiR-free, whereby E is the potential and I the current (note that
cathodic currents are taken to be negative):

= − · [ ]−E E I HFR 2iR free

The geometric current density igeo (Eq. 3) is normalized by the area
of the electrode (Adisk = 0.196 cm2).

= · [ ]−i I A 3geo electrode
1

Prior to the HER/HOR measurements, the electrolyte was saturated
with H2. While recording the HER/HOR polarization curves, the H2

flow was set to blanketing the cell head space. The potential was

cycled between −0.05 and 1.3 VRHE at rotation rates going from
2500 to 200 rpm, followed by a single HER/HOR curve up to 1.5
VRHE at 1600 rpm.

X-ray photoelectron spectroscopy measurements.—Nafion-free
dispersions of Ru/C and Ru/TiOx/C

400°C,H2 were prepared as
described for the TEM measurements and the catalysts were drop-
casted in close proximity of each other on gold foils (0.025 mm
thickness, 99.99% purity, ADVENT Research Materials Ltd., UK).
Subsequently, the samples containing the catalysts were submerged
in Ar-saturated 0.1 M HClO4 and polarized to 0.02 VRHE for 600 s,
followed by an oxidation at either 0.8, 1.0, or 1.3 VRHE for another
600 s. The samples were then dipped three times in an excess of
Milli-Q water and dried in vacuo at 70 °C overnight.

The surface analysis of these samples was carried out by X-ray
photoelectron spectroscopy (Axis, Supra, Kratos, UK). A PEEK-
sample holder in a floating ground configuration was used to avoid
differential charging. The samples were kept in the antechamber
until a pressure of ≈10−8 Torr and were then transferred to the
sample analysis chamber (SAC) where the pressure was always kept
at ≈10−9 Torr during the whole measurement period. Sample
irradiation was carried out with monochromatic Al Kα radiation
(1486.6 eV) with an emission current of 15 mA. For the Ag 3d5/2
line, the full width at half-maximum (FWHM) was 1.02 eV under
the recording conditions (using a pass energy of 0.05 eV). Elemental
spectra were recorded with a step size of 0.05 eV and an emission
current of 15 mA and a pass energy of 0.05 eV. Low energy
electrons were used for charge neutralization and the spectra were
calibrated to the elemental Au 4f7/2 peak from the substrate with a
binding energy (BE) of 83.95 eV. To avoid any errors in charge
neutralization, the binding energy differences of the different
elemental peaks in the survey spectra were compared. Short
acquisition time spectra in the O 1s region were recorded before
and after each set of experiments in order to check that the samples
did not suffer from radiation damage.

The XPS data analysis was performed using the Casa XPS
software. A Shirley function was used as background. As it is
reported that Ru 3d spectra exhibit a distinct asymmetric line shape,
a Functional Lorentzian line shape was used for metallic ruthenium
and for ruthenium oxides, with the parameters set to
A(0.5,1,0)GL(0).46 The fits of the doublets of Ru 3d5/2 and Ru
3d3/2 were fixed to have the same FWHM and to have a
(3d5/2)/(3d3/2) peak area ratio of 3:2 with a fixed separation of the
peak maxima of 4.17 eV.46 The C 1s peaks were fitted using a
mixture of a Lorentzian (30%) and Gaussian (70%) shape
function47; the constraints on binding energy and full width at half
maximum (FWHM) for the different species are given in Table. II.
For the ease of the reader only the Ru-fits are shown below. In-house
reference spectra of TiO2, carbon, metallic Ru and anhydrous RuO2

were used to determine the binding energy and FWHM.

Table II. XPS peak fitting parameters used for identification and
quantification of the different surface species of the measured
samples.

Element/
Region

Assigned
Species

Binding Energy [eV]
(constrained range)

FWHM [eV]
(constrained

range)

Ruthenium
Ru 3d

Ru0 280.1 (±0.1) 0.7–1.0

Ru4+ 281.3 (±0.1) 0.7–1.0
Carbon C 1s C–C sp2 284.8 (±0.1) 1.0–1.3

C–C sp3 284.4 (±0.1) 1.0–1.3
C–O 289.8 (±0.1) 1.5–2.25

Gold Au 4f Au0 83.95 (fixed) 1.5–2.25
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Fuel cell hardware & MEA preparation.—All hydrogen-pump
measurements were performed on a customized G60 test station
(Greenlight Innovation Corp., USA) modified to feature pure H2

instead of air/O2 on the cathode side; there were also no CO gas
connections in order to avoid any unintentional poisoning with CO.
The current range of the potentiostat (Reference3000, Gamry
Instruments, USA) was extended by a booster (Reference 30K
Booster, Gamry Instruments, USA). All measurements were carried
out with an in-house designed 5 cm2 active area single-cell
hardware, using commercial graphite flow fields (7 parallel channels,
one serpentine, 0.5 mm lands/channels; manufactured by Poco
Graphite, Entegris GmbH, Germany, according to our design).48

Gas diffusion layers (GDLs) were the same in all experiments
(H14C10, Freudenberg KG, Germany) and the GDL compression
was adjusted to 13 ± 1% by quasi-incompressible, PTFE-coated
fiberglass gaskets (Fiberflon, Fiberflon GmbH & Co. KG, Germany),
assembled at a torque of 12 Nm, resulting in a contact pressure of
≈1.5 MPa on the active area (for details see Simon et al.).49

MEAs were prepared by the decal transfer method. The catalyst
inks were prepared by ball milling (200 rpm, 3 min on, 5 min off, 5
cycles) a defined amount of catalyst (Ru/C or Ru/TiOx/C

400°C,H2)
with 1-propanol in a 20 ml jar containing 16 g of ZrO2 beads (2 mm
diameter) with a solid content of 0.03 g mLink

−1. Afterwards, the
catalyst dispersion was transferred into a smaller bottle, to which an
ionomer solution (low equivalent weight, Asahi Kasai Corp.)
corresponding to an I/S ratio of 0.65/1 gI gS

−1 (based on the weight
of the transferred ink) was added, and the ink mixing was completed
by placing the bottles onto a roller-mill at 100 rpm for 18 h at 25 °C.
For the CE, a Pt/C catalyst (45.6wt.% Pt, TEC10V50E, Tanaka) was
directly mixed with 1-propanol and ionomer solution on the-roller
mill (water concentration: 16wt.%; solid content: 0.04 g mLink

−1; I/
C: 0.65/1 gI gC

−1). Then, the Mayer rod technique (K Control
Coater, RK PrintlCoat Instruments Ltd., England) with the appro-
priate bar size was used to achieve loadings of ≈ 50 μgRu cm

−2
MEA

(WE) and 0.39 ± 0.02 mgPt cm
−2

MEA (CE) on virgin PTFE decals.
The unsymmetrical MEAs were fabricated by hotpressing the air-
dried decals onto a 15 μm membrane (W. L. Gore & Associates
GmbH) at 155 °C for 3 min with an applied pressure of
0.11 kN cm−2.

H2-pump measurement procedure.—The measurement proce-
dure was already reported in a previous publication by our group.25

Prior to any kinetic measurements, each cell was conditioned to
activate the catalyst using a voltage-controlled ramp-in procedure in
a H2/H2 setup (80 °C, 90% relative humidity (RH), flow rates of
2000/2000 nccm at a H2 partial pressure of 450/450 kPaH2):−0.35 V
for 15 min, 5 min at open circuit voltage (OCV), and 0.35 V for
10 min This sequence was repeated four times until a constant
performance was reached. The kinetic measurements were then
performed at 80 °C and 100 kPaH2 in H2/H2 (2000/2000 nccm)
configuration at 90% RH. Cyclic voltammograms (CVs) were
recorded between −0.3 V and +0.6 V at scan rates of 100 mV
s−1 (20 cycles) and then at 5 mV s−1 (3 cycles), followed by a
galvanostatic electrochemical impedance spectroscopy (EIS) at
OCV with a 2 mA cmMEA

−2 AC current perturbation between 500
kHz and 1 Hz (10 points per decade) to determine the HFR (in mΩ
cmMEA

2) that was used for correcting the cell potential Ecell for the
Ohmic drop, yielding the iR-free cell voltage (EiR-free) according to
Eq. 2. These potentiodynamic measurements were followed by a set
of galvanostatic and potentiostatic measurements. For galvanostatic
measurements, a DC current was drawn for 60 s and the resulting
potential response was averaged over the last 10 s; this was followed
by an EIS measurement at the same current, with a current amplitude
of 10% of the DC current (from 500 kHz to 1 Hz, with 10 points per
decade). These measurements were performed for four currents
between ±0.0117 A cmMEA

−2 and ±0.074 A cmMEA
−2 in ascending

order by alternating between anodic and the corresponding cathodic
current in order to precisely determine the reversible potential at
each condition.

Following these galvanostatic measurements, potentiostatic mea-
surements were conducted in the analogous manner by applying a
given potential for 60 s and averaging the resulting current during
the last 10 s, followed by a potentiostatic EIS at the same potential
using a potential amplitude of 1% of the DC potential (from 500 kHz
to 1 Hz, with 10 points per decade).The potentiostatic testing was
performed for potentials between ±5 mV and in the range between
−200 mV and + 450 mV; this was done in ascending order and by
alternating between anodic and equal cathodic potentials. Each data
point was corrected for the HFR at this specific potential.
Considering that the WE was very thin (ca. 6 μm) and that the
HOR/HER overpotential of the high-loaded Pt based CE is negli-
gible, the HFR-corrected cell voltage very closely represents the
HOR/HER overpotential η:

η = ( ) = − × ( ) [ ]−E E E i HFR E 4iR free cell cell

After each data point (static hold plus EIS), a relaxation step of 5 or
30 s (after potentials exceeding ±0.1 V) at OCV was implemented to
ensure steady-state conditions for the next point.

Finally, CVs of the WE were recorded between 0.05 and 1.0
VRHE at a scan rate of 100 mV s−1, at 40 °C and ambient pressure.
The CE was fed with 200 nccm of fully humidified 5% H2 in Ar, and
the WE was initially purged with dry N2 at 50 nccm, while
interrupting the gas flow to record the CVs.

Results and Discussion

Structural characterization by transmission electron micro-
scopy.—To ensure that the catalyst synthesis steps would yield the
desired structural characteristics, the morphology of the as-synthe-
sized Ru/TiOx/C

as-synth. catalyst, consisting of Ru-NPs supported on
larger TiOx nanoparticles which in turn are supported on Vulcan
carbon, and of the subsequently reduced Ru/TiOx/C

400°C,H2 catalyst
was analyzed by TEM (Fig. 1). For comparison, a carbon supported
ruthenium catalyst prepared from the same Ru-NPs and the same
Vulcan carbon support (Ru/C) served as reference catalyst and as a
baseline for the characterization of the Ru/TiOx/C catalysts, as it
allows for a precise analysis of Ru-NP shape, size, and distribution.
Furthermore, the non-heat-treated Ru/TiOx/C

as-synth. catalyst was
examined to monitor the distribution of Ru-NPs throughout the
catalyst, offering a way to confirm the targeted Ru-NP deposition
onto the TiOx particles. At the end, the final Ru/TiOx/C

400°C,H2

catalyst was investigated for the effect of the reductive heat-
treatment on the catalyst morphology.

The Ru-NPs were prepared by the polyol reduction method with
PVP as a capping agent that resulted in spherical particles. The TEM
image of the Ru/C reference catalyst (Fig. 1a) displays a homo-
geneous distribution of Ru-NPs and small agglomerates thereof on
the surface of the Vulcan carbon support. Using higher magnified
images (one representative example shown in Fig. 1e), the Ru
particle diameter (di in nm) was determined for at least 100 particles
(Fig. 1h, green bars). The Sauter mean diameter (SMD) was
calculated according to Eq. 5 as ≈2.2 nm for the Ru/C catalyst.

∑
∑

= [ ]SMD
d

d
5

i
3

i
2

This small particle size was desired to achieve a high electrochemi-
cally active surface area (ECSA), which in the spherical particle
approximation would be inversely proportional to the SMD (i.e.,
ECSA = 6/(SMD · ρRu), with ρRu = 12.2 · 106 g m-3).

The preparation route for the Ru/TiOx/C
as-synth. catalyst was

designed to deposit the Ru-NPs on TiOx (“Ru/TiOx-composite”) to
enable the later formation of an SMSI, which is not possible for Ru-
NPs supported on carbon. The TEM images of the Ru/TiOx/C

as-synth.

catalyst (Figs. 1b and 1f) indicate that the synthesis strategy to
support Ru/TiOx-composites on the carbon was largely successful.
While the weak contrast of Ru↔TiOx and TiOx↔C complicates the
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interpretation, the structural differences of the well-defined carbon
spheres compared to the irregular shape of the Ru/TiOx agglomer-
ates nevertheless allow to distinguish between Ru/TiOx-composites
and the mostly Ru-NP-free carbon although a few isolated Ru
particles can be seen on the carbon support in Fig. 1b. A
tomographic TEM tilt series was recorded to explore the large-
scale three-dimensional (3D) catalyst structure (see the file
RuTiOxC_TOMO.avi, with a scale bar of 100 nm, in the supporting
information (available online at stacks.iop.org/JES/169/034519/
mmedia)). Here, the differently sized and irregularly shaped
Ru/TiOx-composites are clearly deposited on and between the
spherical primary particles of the carbon support and even some of
the smaller particles on the carbon seem to be Ru/TiOx-composites
that did not aggregate to larger agglomerates based on the 3D
structure. The determined particle size distribution (Fig. 1h, blue)
has a similar shape as that of the Ru/C reference catalyst, with a
calculated SMD of ≈2.0 nm. This minor decrease in average particle
size can be explained by the fact that a fresh batch of Ru-NPs was
prepared for each catalyst and small deviations were therefore
expected. Additionally, the particle size determination for Ru-NPs
on TiOx was further complicated by the poor contrast, which could
potentially have resulted in a systematic underestimation of the
particle size, as the particle edge was not well defined in all cases.

The Ru/TiOx/C
as-synth. catalyst was heat-treated at 400 °C under

reductive atmosphere (5% H2 in Ar, see experimental section) to
obtain the final Ru/TiOx/C

400°C,H2 catalyst. The overall catalyst
morphology consisting of Ru/TiOx-composite agglomerates on the
carbon support was maintained after the heat treatment (see Fig. 1c
and the file RuTiOxC-400_TOMO.avi, with a scale bar of 200 nm,
in the SI (available online at stacks.iop.org/JES/169/034519/
mmedia)). This was confirmed by EDX mappings, where a Ru
signal was always accompanied by a strong Ti signal proving the
preferential deposition of Ru on the TiOx support (see Fig. A·1).
However, the structure of the Ru/TiOx-composites was significantly
altered (Fig. 1g): While the TiOx had been mostly amorphous in the
as-synthesized catalyst, the heat-treatment resulted in mostly

crystalline TiO2 particles of the anatase-type (see indicated
anatase-TiO2{101}, and anatase-TiO2{200} lattice planes), as seen
in the selected area electron diffraction (SAED) patterns (Fig. 1d).
For Ru/TiOx/C

as-synth. (right half of the image), the SAED only
showed almost amorphous rings of low intensity, whereas for
Ru/TiOx/C

400°C,H2 (left half), the intensity of the rings was much
higher and additional Bragg-reflexes could be observed for both Ru
(see indicated Ru{101} and Ru{002} lattice planes) and TiO2. While
the TiO2 particles clearly increased in crystallinity as seen from the
TEM images, the pronounced reflexes of Ru might at part be the
result of a severe increase in particle size after the heat-treatment due
to particle sintering as well. The low contrast of Ru↔TiO2 in
combination with a thickness contrast in TEM images complicated
the identification of Ru-NPs. The Ru particle size (Fig. 1h, orange)
was thus determined from a high-resolution tomographic TEM tilt
series (see file HR_RuTiOxC-400_TOMO.avi, with a scale bar of 20
nm, in the SI (available online at stacks.iop.org/JES/169/034519/
mmedia)) by identifying individual Ru particles from TEM images
recorded at slightly different angles (see Fig. A·2 for examples). The
resulting particle size distribution was much broader, with an SMD
of 4.4 nm. Interestingly, some of the Ru particles seem to be
incorporated into the TiO2 structure rather than sitting on the
surface. While it cannot be excluded that this might be the result
of Ru sitting in cavities of the TiO2 flakes/particles, it is likely the
result of an encapsulation of the Ru-NPs by a thin TiOx (x ⩽ 2) layer
that is well known to occur when an SMSI is formed.27,29,50,51

Electrochemical characterization in aqueous HClO4 electro-
lyte.—To investigate whether an SMSI between Ru and TiO2 in the
Ru/TiOx/C

400°C,H2 catalyst might also prevent the surface oxidation
of ruthenium and thereby stabilize the HOR activity at high
potentials, analogous to what had been observed for a similarly
prepared Pt/TiOx/C

400°C,H2 catalyst,35 RDE measurements in 0.1 M
HClO4 were performed. Figure 2 shows the cyclic voltammograms
(CVs) of the Ru/C (green line), the Ru/TiOx/C

as-synth. (blue line),
and the Ru/TiOx/C

400°C,H2 (orange line) catalysts recorded in

Figure 1. (HR) TEM images of the various prepared catalysts. (a) and (e) Ru/C, showing the distribution of Ru nanoparticles and small agglomerates on the
carbon support; (b) and (f) Ru/TiOx/C

as-synth., with the Ru/TiOx-composites attached to the carbon support, showing only few isolated Ru-NPs on the carbon; and,
(c) and (g) Ru/TiOx/C

400°C,H2 consisting of agglomerates of larger Ru particles and crystalline TiOx that are supported on carbon. Panel (d) shows a comparison
of the SAED patterns of Ru/TiOx/C

400°C,H2 (left half of the image) and of Ru/TiOx/C
as-synth. (right half), emphasizing the high crystallinity of Ru and anatase type

TiO2 after the heat-treatment. Pandel h) shows the Ru particle size distributions for the three catalysts, showing small particles on the as-synthesized samples
(green and blue bars) and severe sintering after the heat-treatment at 400 °C (orange bars).
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Ar-saturated electrolyte. One difficulty in analyzing the voltam-
metric response of Ru-based catalysts is the distinction between
hydrogen underpotential deposition (Hupd), double layer capacity,
and surface oxidation that all overlap in the same potential regions.52

It is known that the Ru-surface oxidation to RuO2 is a complex
multistep process via RuO and Ru2O3 that starts above 0.2 VRHE in
the anodic scan.53 While an increasing extent of surface oxidation
with increasing potential is clearly visible for the Ru/C reference
catalyst, this process seems to be strongly suppressed for both
Ru/TiOx/C catalysts. Since the Ru to carbon ratio was similar in all
catalysts, the capacitive contribution of the carbon support can be
estimated by recording a CV of the corresponding amount of
Vulcan-carbon on the GC (gray dashed line in Fig. 2). Thus, the
much lower currents above 0.3 VRHE for the Ru/TiOx/C catalysts
cannot result from the carbon support double layer capacity but must
be related to the surface properties of the ruthenium. The high
voltammetric currents of the Ru/C catalyst above 0.3 VRHE (green
line, Fig. 2) are generally ascribed to the continuous Ru-surface
oxidation, which occurs up to the formation of bulk RuO2 above 1.1
VRHE.

23,52 Analogous oxidation features would be expected also for
the Ru/TiOx/C

as-synth. catalyst that has not yet undergone any
reductive heat treatment, but in this case all voltammetric features
are strongly suppressed, despite the fact that the SMD of the Ru-NPs
and thus the expected ECSA of the Ru/TiOx/C

as-synth. catalyst is
essentially identical with that of the Ru/C catalyst. The origin of this
difference is unclear and might be related to either remaining surface
contaminants from the synthesis process, a very low conductivity of
the amorphous TiOx particles, and/or a higher amount of surface
oxidation of Ru in Ru/TiOx/C

as-synth.. For the Ru/TiOx/C
400°C,H2

catalyst, the Ru surface oxidation is similarly suppressed, which
could be the result of the ECSA loss due to particle sintering
(yielding a ≈2-fold lower SMD), a reduced conductivity of TiOx at
higher potentials,36 or the desired SMSI effect.34,35 The pronounced
Hupd-like features below 0.3 VRHE indicate that the reduced ECSA
cannot be the sole reason for the reduced Ru surface oxidation
currents above 0.3 VRHE and that a significant change in the Ru
surface chemistry must have occurred compared to the Ru/C
reference following the reductive heat-treatment of the catalyst
that resulted in the reduction of the Ru particles and the formation
of an SMSI.

To further investigate the different oxidation behavior and obtain
insights into the contributions of surface reduction and Hupd in the
low potential region, each catalyst was cycled to a stepwise
increasing upper cutoff potential from 0.6 up to 1.3 VRHE (Fig. 3).
For the Ru/C reference catalyst, the cycling is reversible up to an
upper cutoff potential of 1.1 VRHE (Fig. 3a). However, surpassing
this upper potential limit, the surface passivation becomes irrever-
sible, which is shown by the decreasing oxidative current in the
anodic scan of the steady-state CVs, i.e., steady state CVs with a
higher upper potential limit do not follow the anodic CVs of
measurements with a lower upper potential limit even within that
range. Simultaneously, the reduction feature that starts below ≈0.4
VRHE during the cathodic scan are shifting to lower potentials with
increasing upper potential limit, thus indicating that higher over-
potentials are required to reduce the Ru-NPs again (indicated by the
arrow in Fig. 3a).

In contrast, the Ru/TiOx-based catalysts could be cycled to an
upper potential limit of 1.3 VRHE with significantly improved
reversibility. While the Ru/TiOx/C

as-synth. catalyst showed a certain
degree of irreversibility when cycled to 1.3 VRHE, the reductive peak
at ≈0.2 VRHE does not shift to lower potentials. Thus, already by
introducing a TiOx support, Ru could be stabilized in its metallic
state up to high positive potential limits (Fig. 3b). This might be the
result of an electrochemical SMSI formation by hydrogen spillover
induced reduction or the TiOx support or the dissolution and
subsequent redeposition of TiOx within the first 25 cleaning
cycles.35,37,54,55 The stabilization is more pronounced after an
SMSI was formed (Fig. 3c). Here, the decreased surface oxidation

of Ru was found fully reversible, whereby the reduction feature at
≈0.25 VRHE does not exhibit a negative shift except for the highest
upper cutoff potential of 1.3 VRHE, where a negative shift of
≈20 mV could be observed. At low potentials (<0.3 VRHE), the
Ru/TiOx/C

400°C,H2 catalyst clearly features a mixed region, where
Hupd (indicated by the positive currents in the anodic scan that are
missing in the other catalysts), Ru oxide reduction, and the onset of
the HER overlap.

Figure 2. CVs of Ru/C (green), Ru/TiOx/C
as-synth. (blue), Ru/TiOx/C

400°C,H2

(orange), and the corresponding Vulcan-carbon baseline (gray dashed) in Ar-
saturated 0.1 M HClO4 at 0 rpm. All measurements were recorded in an RDE
setup at 25 °C with a scan rate of 20 mV s−1, a loading of 17 ± 2 μgRu
cmdisk

−2 and an ionomer/support (C + TiOx) ratio of I/S = 0.1. The potential
was corrected for the HFR of the setup. The loading of the pure Vulcan
carbon electrode was ≈45 μgC cmdisk

−2 and thus closely matched that in the
Ru/TiOx/C catalysts.

Figure 3. Steady state CVs of the various catalysts in Ar-saturated 0.1 M
HClO4 with increasing upper potential limits: (a) Ru/C; (b)
Ru/TiOx/C

as-synth.; and (c) Ru/TiOx/C
400°C,H2 recorded. All measurements

were recorded at 25 °C, in an RDE setup at 0 rpm with a scan rate of
20 mV s−1, a Ru loading of 17 ± 2 μgRu cmdisk

−2, and an ionomer/support
(C + TiOx) ratio of I/S = 0.1; the potentials were corrected for the HFR of
the setup.
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Oxidation state analysis by XPS.—To get more insight into the
Ru (surface) oxidation behavior of the Ru/C and the
Ru/TiOx/C

400°C,H2 catalysts, they were pre-polarized at 0.02, 0.8,
1.0, and 1.3 VRHE in 0.1 M HClO4 for 600 s, then emersed from the
electrolyte, dried, and finally examined by XPS. To ensure that the
oxidation state of the Ru-NPs is due to the effect of the oxidation
potential rather than the storage conditions before conducting these
experiments, a 600 s hold at 0.02 VRHE was implemented prior to
any oxidative polarization (for details see experimental section).
While XPS is technically a surface sensitive technique with a
penetration depth of ≈3 nm for a kinetic energy of ≈1200 eV of
the photo electrons (i.e., in the R 3d region using an Al X-ray
source),56 the small particle size of the Ru-NPs implies that the XPS
signal comprises a major contribution from the bulk of the Ru-NPs
particles in addition to their surface. Although the Ru 3d3/2 signal
overlaps with the main C 1s feature from the Vulcan carbon support
(at 284.4 eV47), the stronger Ru 3d5/2 peak is located at sufficiently
low binding energy so that it does not overlap with the C 1s feature.
Note that the Ru 3p3/2 signal (461.7–463.2 eV, depending on the
oxidation state)46 overlaps completely with the much stronger Ti 2p
features (Ti(IV)3/2 at 458.5 and Ti(IV)1/2 at 464.2 eV, data not
shown), so that this spectral region was not considered and the
following XPS analysis is focusing on the Ru 3d region (for details
see Table II).

Thus, Fig. 4 shows the Ru 3d XPS spectra of the Ru/C (left) and
the Ru/TiOx/C

400°C,H2 (right) catalysts after polarization. After
emersion at the lowest potential of 0.02 VRHE, the Ru 3d5/2 peaks

at 280.3 eV for Ru/C (Fig. 4a) and 280.2 eV for Ru/TiOx/C
400°C,H2

(Fig. 4b) correspond to Ru(0), thus confirming that the Ru-NPs are
fully reduced to metallic Ru at this potential.46 After the polarization
at 0.8 VRHE, the spectra remain essentially identical (Fig. 4c and d),
although a partial oxidation of the Ru surface would have been
expected for the Ru/C catalyst based on its CV (green line in Fig. 2).
This might be the result of a reversible hydroxide adsorption by
water discharge at these potentials,52 whereby no stable oxide is
formed and the majority of Ru atoms therefore remain in metallic
state after vacuum drying of the sample. After polarization at 1.0
VRHE, a small peak shift of 0.2 eV to higher binding energies was
detectable for both catalysts, which might indicate partial oxidation
of Ru (Figs. 4e and 4f), as would be expected from the CV
measurements (see Figs. 3a and 3c). After polarization to
1.3 VRHE, the Ru-NPs of the Ru/C reference are largely oxidized,
as is indicated by a peak shift to 281.2 eV (corresponding to Ru(IV),
Fig. 4g), while the Ru-NPs of the Ru/TiOx/C

400°C,H2 catalyst still
show the the characteristic Ru(0) peak at 280.2 eV (Fig. 4h). These

Figure 4. XPS of Ru/C (left) and Ru/TiOx/C
400°C,H2 (right) drop-casted on a

gold foil and polarized in 0.1 M HClO4 at different potentials for 600 s: (a)
and (b) 0.02 VRHE; (c) and (d) 0.8 VRHE; (e) and (f) 1.0 VRHE; and, (g) and
(h) 1.3 VRHE. The catalysts were reduced at 0.02 VRHE for 600 s before being
exposed to oxidative potentials. Due to an overlap with the C 1s peaks (only
peak positions indicated for clarity), the Ru 3d3/2 peak was fixed to the 3d5/2
peak and the doublet was jointly fitted (red lines, details see experimental
section). The black lines mark the total measured XPS counts. Figure 5. Rotation rate dependent HER/HOR polarization curves in

H2-saturated 0.1 M HClO4 at 25 °C: (a) Ru/C; (b) Ru/TiOx/C
as-synth.;

(c) Ru/TiOx/C
400°C,H2. All measurements were recorded in an RDE setup

at a scan rate of 20 mV s−1, with a loading of 17 ± 2 μgRu cmdisk
−2 and an

ionomer/support (C + TiOx) ratio of I/S = 0.1, and were corrected for the
HFR of the setup. The dashed black lines represent the pure Nernstian
diffusion overpotentials for the positive-going scan at 2500 rpm. The insets
show Koutecký-Levich plots of the inverse of the current density vs the
inverse square root of the electrode rotation speed ω: in (a) for the Ru/C
catalyst at the current maximum, taken at 0.11 VRHE; in (c) for the
Ru/TiOx/C

400°C,H2 catalyst at the stable plateau, taken at 0.4 VRHE.
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results confirm the observations from the CV measurements that Ru
oxidation is significantly suppressed for the Ru/TiOx/C

400°C,H2

compared to the Ru/C reference catalyst. Whether this stabilization
is the result of a TiOx encapsulation could unfortunately not be
verified by investigating the Ti 2p spectrum, as the fraction of Ti in
such a thin film would have an insignificant contribution compared
to the bulk TiO2 of the support structure. No changes in the Ti 2p
spectrum could therefore be observed, except for a potential
dependent shift of the shoulder corresponding to the Ru 3p3/2 signal
(data not shown).

HER/HOR investigation by RDE.—In the case of similarly
prepared Pt/TiOx/C

400°C,H2 catalysts, the analogously observed
suppression of the surface oxide formation was accompanied by
an extension of the HOR activity of Pt to very high positive
potentials.35 Therefore, we will next examine whether this will
also hold true for the Ru/TiOx/C

400°C,H2 catalyst, using RDE
experiments at different rotation rates in 0.1 M HClO4. For the
Ru/C reference catalyst, a high HER activity is observed, but its
HOR activity quickly decreases above 0.15 VRHE due to surface
oxidation (Fig. 5a), analogous to what had been observed for a
ruthenium metal disk.23 A Koutechý-Levich analysis relating the
reciprocal current density maximum (at 0.11 VRHE) and the inverse
square root of the rotation rate shows an essentialy zero y-axis
intercept, thus confirming that the HOR currents are mostly mass-
transport limited at 0.11 VRHE (Fig. 5a inset). However, when
comparing the actual oxidation currents below 0.11 VRHE with those
predicted by the purely Nernstian diffusion overpotential for the
HOR57 for the positive-going scan at 2500 rpm (see dashed black
line in Fig. 5a), it becomes clear that the HOR on the Ru/C catalyst
in this region is still affected by kinetic limitations. As the potential
reaches ≈0.5 VRHE during the positive-going scan, the HOR activity
of the Ru-NPs has vanished to zero, and only once the Ru surface is
polarized again below 0.1 VRHE during the negative-going scan,
some HOR activity can again be observed. The HER activity at
negative potentials is sufficiently good to reach a mostly mass-
transport controlled current profile that is expected for highly active
HER catalysts in acidic RDE measurements.58

As discussed previously, the Ru/TiOx/C
as-synth. catalyst appeared

to suffer from a poor conductivity and/or from poisoning by surface
adsorbates from the synthesis, which also seems limit its ability to

oxidize hydrogen (Fig. 5b). Independent on the rotation rate, the
catalyst showed almost no HOR activity and never reached the mass-
transport limited current densities. Since any residual organic
surface contaminations would be expected to be oxidized upon
cycling to 1.3 VRHE multiple times but the HOR performance did not
increase, it is more likely that the suppressed HOR activity is the
result of the poor conductivity of the as-synthesized TiOx that results
in most of the Ru particles being electrically insulated.

In contrast to the Ru/C catalyst, the polarization curve of the
Ru/TiOx/C

400°C,H2 catalyst shows a steady HOR activity up to 1.3
VRHE (Fig. 5c). The zero y-axis intercept in the Koutechý-Levich
analysis at 0.4 VRHE (to exclude Hupd contributions) shows that even
at higher potentials, the currents are purely mass-transport limited
(Fig. 5c inset). In contrast to the Ru/C catalyst, the HOR currents of
the Ru/TiOx/C

400°C,H2 catalyst are now exclusively limited by the
Nernstian diffusion overpotential (black dashed line in Fig. 5c)
rather than kinetics, which means its true HOR kinetics cannot be
assessed by RDE measurements (see below for kinetic investigation
in an MEA setup).57

Since the SMSI in Ru/TiOx/C
400°C,H2 prevents the (surface)

oxidation of Ru and thereby enables continuous hydrogen oxidation
even at 1.3 VRHE, it will likely also impact the OER performance
of the catalyst, as was observed for a Pt/TiOx based catalyst.34 Thus,
the OER activity of the Ru/C, Ru/TiOx/C

as-synth., and
Ru/TiOx/C

400°C,H2 catalysts was examined by extending the upper
potential limit in the HER/HOR polarization curves to 1.5 VRHE

(Fig. 6). The OER on the Ru/C reference catalyst readily starts above
1.3 VRHE, as shown by the steep current increase. As these
measurements had been performed after the HER/HOR polarization
curves at different rotation rates up to 1.3 VRHE, the HOR activity of
Ru/C has already severely degraded compared to the initial experi-
ments shown in Fig. 5. This limited stability of Ru in acidic
environment is well known and Ru dissolution poses a major issue
for the implementation of any Ru containing catalyst in PEMFCs
and similar systems.59,60 The mass-transport limited current density
was therefore not reached anymore even in the first scan. After the
catalyst had been exposed to even higher potentials of 1.5 VRHE, the
overpotential for Ru reduction apparently has shifted to even more
negative potentials, continuing the trend observed in Fig. 3a and
thereby nearly completely deactivating the HER activity of the Ru/C
catalyst. In contrast, the Ru/TiOx/C

400°C,H2 catalyst maintains its
superior HOR activity as well as its high HER activity when
polarized up to 1.5 VRHE, but its OER activity is strongly
suppressed, as is indicated by the observation that the current upper
potential limit of 1.5 VRHE barely exceeds the HOR current plateau.
This observation and the fact that the HER/HOR activity is
maintained even after harsh oxidative potentials confirm the
successful stabilization of Ru in its metallic state. The OER activity
of the Ru/TiOx/C

400°C,H2 catalyst still exceeds that of a similarly
stabilized Pt/TiOx/C

400°C,H2 catalyst,35 which is most likely the result
of a small fraction of Ru-NPs that are located on the carbon support
and thus are not affected by the SMSI effect. While the HOR activity
of Ru/TiOx/C

as-synth. remained almost completely suppressed, the
catalyst showed a surprisingly high activity for the OER that by far
exceeded that of the heat-treated catalyst. These observations
confirms that the stabilization of Ru against (surface) oxidation is
indeed the result of an encapsulation of the Ru particles due to SMSI
effects after the reductive heat-treatment, thereby enabling a high
HOR activity at potentials where surface passivation by (surface)
oxide formation would otherwise have occurred.

CV characterization of the catalysts in MEAs.—As the HER/
HOR rates on platinum group metal catalysts with high HOR/HER
activity (e.g., Pt or Ir) cannot be determined precisely in acidic liquid
electrolyte using an RDE setup,57 the HER/HOR kinetics of the
Ru/TiOx/C

400°C,H2 catalyst (and of the Ru/C catalyst as a reference)
were investigated using a PEMFC-based hydrogen pump approach,

Figure 6. HER/HOR polarization curves in H2-saturated 0.1 M HClO4 at
1600 rpm and 25 °C that are extended into the OER potential window of the
Ru/C (green), the Ru/TiOx/C

as-synth. (blue), and the Ru/TiOx/C
400°C,H2

(orange) catalysts. All measurements were recorded after the rotation rate
dependent HER/HOR polarization curves under identical conditions (see
Fig. 5).
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where much higher H2 mass-transport rates can be achieved.25

Figure 7 compares the CVs of the Ru/C (green line) and
Ru/TiOx/C

400°C,H2 (orange line) catalysts as working electrode
(WE) in an MEA (with a Pt/C counter electrode (CE)), obtained
in a 5 cm2 single-cell, with the WE held under N2 and the CE
compartment purged with humidified 5% H2/Ar. While the Ru/C CV
is very similar to that recorded in Ar-saturated 0.1 M HClO4 (Fig. 2),
with similar oxidative and reductive features, the voltammetric
currents of the Ru/TiOx/C

400°C,H2 catalyst measured in the MEA
are only similar to those obtained in the 0.1 M HClO4 electrolyte in
the hydrogen adsorption/desorption region, but almost vanish at
potentials above ≈0.5 VRHE. This could be the result of several
factors. First, the liquid electrolyte in the RDE setup might access
the Ru surface better than the ionomer, especially when Ru is
supported and encapsulated by TiOx. It has frequently been observed
that the ECSA determined by RDE differs from that observed for the
same catalyst in an MEA,57,61 and it is likely that this effect will be
more pronounced for a catalyst with a more complex structure like
that of the Ru/TiOx/C

400°C,H2 catalyst. Secondly, the interaction of
the two support materials with the ionomer might be different,
causing the ionomer to adsorb preferentially on either C or TiO2,

62,63

thus leading to selective electrochemical accessibility of Ru particles
being supported on either of the support materials. In either case, it is

clear that the difference in Ru loading (44 μgRu cmMEA
−2 for

Ru/TiOx/C
400°C,H2 compared to 56 μgRu cmMEA

−2 for Ru/C) is too
small to result in such different CVs, especially considering that the
Hupd features of Ru/TiOx/C

400°C,H2 (orange line, Fig. 7) are
significantly enhanced compared to the overall capacitive currents.

H2-pump measurements in a single-cell PEMFC configura-
tion.—In a first set of experiments to determine the HER/HOR mass
activity of the catalysts, CVs were recorded potentiodynamically at
5 mV s−1 in a H2–pump configuration, scanning the potential from
−0.3 to 0.6 VRHE (Fig. 8). Again, the Ru/C catalyst (green line)
strongly deactivates above 0.2 VRHE, whereas the Ru/TiOx/C

400°C,H2

(orange line) catalyst maintains its activity up to the highest
investigated potential of 0.6 VRHE. Although the Hupd features in
Fig. 7 indicated less ECSA for the Ru/TiOx/C

400°C,H2 catalyst, its
HER/HOR activity at low overpotentials (⩽30 mV) by far outper-
forms that of the Ru/C reference catalyst. For the HOR on the
Ru/TiOx/C

400°C,H2 the performance curve quickly deviates from the
expected Butler-Volmer behavior and reaches a current plateau of
≈9 A mgRu

−1 (corresponding to ≈0.4 A cm−2
MEA) at high over-

potentials above ≈0.2 VRHE. For Pt catalysts, similar limitations in
current density have been discussed to be due to a change from a rate
determining Volmer-step to a Tafel-limited25,57,64,65 or a Heyrovsky-
limited step,66 or due to a hydrogen mass-transport limitation
through the ionomer film covering the catalyst surface.25 In the
latter case, the specific current density at which mass transport
resistances through the ionomer film could be limiting was estimated
to be ≈2 A cmPt

−2 for a Pt/C catalyst.25 Based on the ECSA of
≈110 m2 gRu

−1 that can be estimated from the measured SMD of
≈4.4 nm (using the spherical approximation) and the Ru loading of
44 μgRu cmMEA

−2, the Ru roughness factor of the Ru/TiOx/C
400°C,H2

catalyst can be estimated to be ≈50 cmRu
−2 cmMEA

−2, which then
would convert to a limiting specific current density of ≈8 mA
cmRu

−2 for the data in Fig. 8. As this is nearly three orders of
magnitude lower than the expected mass transport limitation near a
specific current density of ≈2 A cmRu

−2, mass-transport resistances
through the ionomer film can be ruled out as the origin of the current
plateau observed in Fig. 8. However, an encapsulation of Ru, as it
was discussed above and has been suggested for similar oxide
supported Pt catalysts,32,34,35,37 might be another source for a
significant local hydrogen transport resistance to the active site.
This hypothesis is supported by a suppressed chemisorption of
hydrogen that has been reported for a SMSI between Ru and TiO2.

67

On the other hand, in the case of a limitation by a rate
determining adsorption step, the current limitation would be given
by the rate of adsorption, whereby the current plateau of only 9 A
mgRu

−1 could result from slow hydrogen adsorption kinetics on the
Ru surface. In the case of Pt, an adsorption rate constant of ≈2.4 cm
s−1 at 22 °C determined from H2-D2 exchange experiments by Vogel
et al. would predict a limiting specific current density of ≈0.40 A
cmPt

−2 at 100 kPaH2,
25,68 i.e., of the same order of magnitude as the

estimated transport limiting current density through the ionomer film
(see above), so that for a Pt catalyst the observed limiting current
may originate from either kinetic or local transport limitations (or
both). To the best of our knowledge there is only the study by Lu
et al. that reports a hydrogen adsorption rate constant for Ru, but
only states that it exceeds their detection limit of 10-3 cm s−1 at 25 °
C (H2-D2 exchange experiments).69 If the hydrogen adsorption rate
were to be responsible for the specific current density limitation of
≈8 mA cmRu

−2 observed in Fig. 8 (see above), it would have to be
on the order of 10−2 cm s−1.

Since the current density maximum reached by the Ru/C
reference catalyst (green line, Fig. 8) coincides with that of the
Ru/TiOx/C

400°C,H2 catalyst (orange line, Fig. 8), a distinction
between a Ru-specific limitation and a limitation induced by the
interaction of Ru and TiOx is not possible at this point. Still, it is
most likely that the equal mass normalized current density maximum

Figure 7. Cyclic voltammograms of Ru/C (green, 56 μgRu cmMEA
−2) and

Ru/TiOx/C
400°C,H2 (orange, 44 μgRu cmMEA

−2) working electrodes recorded
in a 5 cm2 single-cell PEM fuel cell at a scan rate of 100 mV s−1 from 0.05 to
1.0 VRHE at ambient pressure and 40 °C. The CE compartment was purged
with 200 nccm 5% H2/Ar (humidified at 90% RH), while the WE
compartment was purged with 50 nccm dry N2 (set to zero flow when
recording the CV).

Figure 8. Mass normalized potentiodynamic HER/HOR polarization curves
at 5 mV s−1 on the Ru/C (green) and Ru/TiOx/C

400°C,H2 (orange) catalyst in a
5 cm2 single-cell PEMFC, with the potential corrected for the HFR at OCV
(EiR-free). The data were recorded at 80 °C, 100 kPaH2, 90% RH and 2000/
2000 nccm H2 (through the WE/CE compartments). Electrode loadings of
the MEAs: 56 μgRu cmMEA

−2 for the Ru/C WE and 44 μgRu cmMEA
−2 for

the Ru/TiOx/C
400°C,H2 WE; the Pt loading of the Pt/C CE was 0.39 ±

0.02 mgPt cmMEA
−2.
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is a coincidence rather than an intrinsic property of the Ru catalysts,
as the MEA roughness factors of the two Ru catalysts differ by a
factor of ≈2.5 (due to the differences in Ru loading and the Ru-NP
SMD), which means that the estimated specific limiting current
density maximum also differs by the same factor, while hydrogen
adsorption limitations would be expected to scale with the specific
current density. In any case, the currents of the Ru/C reference
decrease drastically with increasing potential after having reached
the maximum current density at ≈0.2 VRHE, whereby the catalyst
deactivates almost completely upon reaching 0.4 VRHE. On the
contrary, the current density plateau is maintained up to 0.6 VRHE for
the stabilized Ru/TiOx/C

400°C,H2.
For a more accurate determination of the HER/HOR kinetics, a

steady-state approach was chosen to avoid time dependent artifacts
such as HFR variations due to membrane dry-out.25 HER/HOR
polarization curves were recorded using a static measurement
approach that allows for the system to equilibrate at each point,
whereby the HFR is determined by EIS directly after every hold
period (Fig. 9). The HFRs of all MEAs with Ru/TiOx/C

400°C,H2

(orange symbols, Fig. 9b) were roughly 10 mΩ cmMEA
2 higher than

of MEAs with Ru/C (green symbols, Fig. 9b). As differences in
electrode thickness were accounted for when assembling the cells,
contact resistances can most likely be ruled out as the origin of this
offset. Instead, ionic contamination from TiO2 dissolution might be
the cause for the slightly higher HFR of the MEAs with the
Ru/TiOx/C

400°C,H2 catalyst, as according to the Pourbaix diagram
(given for 25 °C), bulk TiO2 has a low but finite solubility of
≈10−8 mol l−1 at pH 0 (the approximate pH of a PFSA membrane)
at the negative iR-free potential limit of −0.2 VRHE that was used in
these H2-pump experiments;70 considering that the solubility will
likely be higher at 80 °C and for the nano-sized TiOx support, a

significant dissolution of titanium species is quite plausible. While
low concentrations of cation contamination would reduce the
membrane conductivity without severely affecting the performance,
higher concentrations would lead to significant voltage losses in the
system.71,72 Furthermore, the detrimental effect of TiO2 on the long
term durability of PEMFC systems has recently been shown by
Zhang et al.,73 which limits the overall applicability of the here
presented catalyst system and might require the use of a more stable
oxide support that still develops an SMSI, such as tungsten
oxide.74,75

With the differences in HFR accounted for according to Eq. 4, a
representative dataset of the mass normalized kinetic HER/HOR
currents obtained from the static measurement approach is depicted
in the form of a Tafel plot in Fig. 9a for the Ru/TiOx/C

400°C,H2

catalyst and for the Ru/C reference catalyst. Both the anodic and
cathodic branches of the Tafel plots show a behavior according to
the Butler-Volmer equation (Eq. 6) at low overpotentials:44,76

= ·( − ) [ ]
α η α η−

i i e e 6kin 0

F
RT

F
RT

a c

with ikin being the kinetic current density in A mgRu
−1, i0 the

exchange current density in A mgRu
−1, αa/αc the anodic/cathodic

transfer coefficients, η the overpotential in V (i.e., the difference
between the potential and the equilibrium potential), F the Faraday
constant (96,484 A s mol−1), R the universal gas constant (8.314 kJ
mol−1 K−1), and T the temperature in K. While the HER part was
seemingly unlimited over the complete potential interval, the HOR
currents reached the same maximum value that was observed in the
potentiodynamic experiments (see Fig. 8), whereby the HOR activity
of the Ru/C reference catalyst (green symbols) rapidly decreased
above an HOR overpotential of ≈0.2 V, while the Ru/TiOx/C

400°C,H2

catalyst (orange symbols) maintained this maximum activity up to
highest measured overpotential of 0.45 V.

The exchange current density i0 has been obtained by fitting the
data to the Butler-Volmer equation with a sum of transfer coeffi-
cients of one (αa + αc = 1, dashed lines), representing a
predominant Tafel-Volmer mechanism that is most often assumed
for platinum group metals.57,76–79 According to our established
protocol,25 exclusively data points with currents of less than 10% of
the current maximum were fitted to minimize the effect of the HOR
current limitation on the kinetic evaluation, and all data points with
an HFR increase of more than 1 mΩ cmMEA

2 (compared to the
average HFR in the overpotential range of ±20 mV) were excluded
for fitting in order to ensure that the correction of the potential for
the Ohmic drop was accurate under the relevant measurement
conditions. Data points considered for fitting are depicted as full
symbols, whereas data points that were excluded from the fits are
depicted as open symbols in Fig. 9. While the fit for the Ru/C
catalyst (green line, Fig. 9a) showed a high degree of symmetry, the
Ru/TiOx/C

400°C,H2 catalyst (orange line, Fig. 9a) seems to be
severely affected by the HOR limitation already at low over-
potentials (⩽30 mV), resulting in highly asymmetrical fits with
αa-values of 0.26 ± 0.03. An analogous behavior has previously
been observed for a carbon supported Pt catalyst, where it was not
possible to determine whether the observed limiting HOR current is
due to an intrinsic kinetic effect or due to H2 mass transport
restrictions through the ionomer film.25 For the ≈50-fold lower
limiting current when evaluated in terms of specific current density
in the case of the Ru/TiOx/C

400°C,H2 catalyst (≈8 mA cmRu
−2 vs

≈400 mA cmPt
−2 in the case of Pt/C, as discussed above), a

limitation by H2 transport can be excluded, so that it must be due to a
kinetic limitation (e.g., by hydrogen adsorption/dissociation).

The exchange current densities at 80 °C determined from the
Butler-Volmer fits (dashed lines in Fig. 9), are roughly three times
higher for the Ru/TiOx/C

400°C,H2 catalyst (i0 = 8.2 ± 0.3 A mgRu
−1)

compared to the Ru/C reference catalyst (i0 = 2.5 ± 0.2 A mgRu
−1).

Figure 9. Mass normalized kinetic current densities for the HER/HOR (a)
and corresponding HFRs (b) of representative MEAs of with Ru/C (green)
and Ru/TiOx/C

400°C,H2 (orange) WEs, recorded by a combination of
galvanostatic/potentiostatic measurements (all data at 80 °C, 90% RH, 100
kPaH2, and 2000/2000 nccm H2). The overpotential η was calculated from
the HFRs according to Eq. 4. The data points used (filled symbols) and
excluded (open symbols) for the shown Butler-Volmer fits (dashed lines)
represent the average over the last 10 s of a 60 s galvanostatic/potentiostatic
hold period (see Experimental section). The selection criteria for data to be
included in the Butler-Volmer fits are: (i) a less than 1 mΩ cmMEA

2 HFR
increase for the HER data; (ii) a current density of less than 10% of the
maximum current density for the HOR data. Furthermore, the sum of the
transfer coefficients in Eq. 6 was fixed to one (i.e., αa + αc = 1). Electrode
loadings of the MEAs: 56 μgRu cmMEA

−2 for the Ru/C WE and 44 μgRu
cmMEA

−2 for the Ru/TiOx/C
400°C,H2 WE; the Pt loading of the Pt/C CE was

0.39 ± 0.02 mgPt cmMEA
−2.
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Thus, the exchange current density of the Ru/TiOx/C
400°C,H2 catalyst

is similar to those of Rh/C and Pd/C (both ≈15 A mgmetal
−1 for the

catalysts studied by Durst et al.57), but roughly two orders of
magnitude lower than for Pt/C (i0 = 540 ± 160 A mgPt

−1)25 under
the same conditions. Consequently, loadings of ≈1 mgRu cmMEA

−2

would be required to limit the HER/HOR overpotentials to <10 mV
at 2 A cm−2 in a PEMFC or PEMWE, while this can be achivieved
with the currently used Pt/C catalysts for loading of <0.05 mgPt
cmMEA

−2. These high loadings annihilate the cost advantage of Ru
compared to conventional Pt catalysts for the hydrogen side of PEM
systems.

Conclusions

In this study, an HOR active Ru/TiOx/C catalyst was synthesized
via a multi-step synthesis route and subsequent reductive heat-
treatment. According to tomographic TEM imaging, the catalyst
consists mostly of agglomerated Ru/TiOx-composites adsorbed on
the Vulcan carbon support structure. The heat-treatment of the
catalyst (Ru/TiOx/C

400°C,H2) leads to severe sintering of the Ru
nanoparticles (Ru-NPs), increasing their Sauter mean diameteter
(SMD) from 2.0 to 4.4 nm, and results in an increased crystallinity of
the TiOx support, accompanied by a partial encapsulation of the Ru
particles due to strong metal support interaction (SMSI).

It was shown by cyclic voltammetry that Ru oxidation was
suppressed for the Ru/TiOx/C

400°C,H2 catalyst compared to a Ru/C
reference catalyst. This stabilization of Ru in its metallic state at high
positive potentials was confirmed by XPS, whereby the Ru 3p5/2
peak remained at the binding energy of Ru(0) even after polarization
at 1.3 VRHE of the Ru/TiOx/C

400°C,H2 catalyst, while the Ru/C
reference catalyst was fully oxidized to Ru(IV).

In RDE experiments, the Ru/TiOx/C
400°C,H2 catalyst showed an

excellent stabilization of the HOR activity up to the onset of the
OER at 1.3 VRHE, whereas the HOR activity of the Ru/C reference
quickly deactivated after reaching the mass-transport limited current
density at 0.11 VRHE. This stabilization of metallic Ru by SMSI
resulted in a suppression of the OER activity above 1.3 VRHE, where
the Ru/C reference catalyst. outperformed the heat-treated catalyst,
with Ru/C exhibiting by far the highest OER activity.

The HER/HOR kinetics of the catalysts were determined by
PEMFC-based hydrogen-pump measurements. These confirmed the
stabilization of the HOR activity of the Ru/TiOx/C

400°C,H2 catalyst,
whereby at an overpotential of ≈0.1 V a maximum HOR current
plateau of ≈9 A mgRu

−1 was reached and maintained up to an
overpotential of ≈0.45 V. This limiting current can clearly be
ascribed to a kinetic limitation. With an exchange current density of
8.2 ± 0.3 A mgRu

−1, the Ru/TiOx/C
400°C,H2 catalyst proved to be

three times more active than Ru/C (2.5 ± 0.2 A mgRu
−1), but roughly

two orders of magnitude less active than Pt/C under the same
conditions. In summary, it was shown that Ru can be stabilized for
the HER/HOR by an SMSI, but the low activity and limited stability
of both Ru and TiO2 prevent this type of catalyst from representing a
feasible alternative to conventional Pt/C catalysts.
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Appendix

For TEM/EDX mappings, Ru/TiOx/C
400°C,H2 was dispersed in

ethanol and drop-coated on a copper grid covered with a holey
carbon film. STEM measurements were carried out on a probe
corrected FEI Titan Themis operated at 300 kV in high-angle
annular dark-field (HAADF) mode. Elemental maps were acquired
with a Super-X energy-dispersive X-ray spectrometer and processed
using the Velox V 3.0 software.

Figure A·1. Combined HAADF-STEM image and EDX mapping of the
Ru/TiOx/C

400°C,H2 catalyst. Elements with a higher atomic number appear
brighter in the HAADF image (a). The EDX mapping illustrates the location
of Ti (b), C (c), Ru (d), and the combined locations of Ti and Ru (e), and C,
Ti, and Ru (f), respectively. The combined EDX mappings clearly show that
most of the Ru nanoparticles are located on TiOx, whereas the carbon is
mostly Ru free.
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3. Published Work

3.3. PEMFC Cathode Durability Aspects

As discussed in Section 1.1.3, the durability of the cathode catalyst layer remains a

critical challenge for the wide spread commercialization of PEMFC systems.41 This

section focuses on the most detrimental effects that limit the lifetime of the cathode

catalyst, namely the carbon corrosion during SUSD events and the loss of ECSA or rf

resulting from repeated load cycling.

3.3.1. Mitigation of SUSD-Induced Cathode Degradation in

PEMFCs via HOR-Selective Anodes

This section presents the manuscript ”Selective Anode Catalysts for the Mitigation of

Start-Up/Shut-Down Induced Cathode Degradation in Proton Exchange Membrane

Fuel Cells” that will be submitted to the Journal of The Electrochemical Society in

the near future. The manuscript was presented by Björn Stühmeier at the 240th ECS

Meeting (October 10-14, 2021, Abstract number: 1185).184

The HOR-selective Pt/TiO2/C catalyst (note that the nomenclature is adapted from

Pt/TiOx/C
400°C,H2 for the sake of simplicity and because the catalyst is found to con-

tain mostly anatase-type TiO2) that was developed in Section 3.2.2, was identified as

a suitable candidate for an anode-based SUSD-mitigation strategy.118 Therefore, the

synthesis procedure is upscaled to obtain a sufficient catalyst quantity for implemen-

tation in MEAs. In order to validate the upscaling process, the CV, ORR activity, and

HOR stability of the upscaled catalyst are investigated by RDE experiments, whereby

the new batch of the Pt/TiO2/C catalyst shows a ≈ 30-fold lower ORR activity

compared to Pt/C when using no ionomer in the ink preparation, whereas the ORR

activityis only ≈ 14-fold reduced when the catalysts are poisoned by ionomer. This

discrepancy is most likely due to the different accessibility of the Pt surface, where

the encapsulation can be considered to either poison the Pt or prevent the ionomer

from adsorbing on the Pt surface. In H2-pump measurements, Pt/TiO2/C exhibits

a ≈ 2-fold lower HOR activity compared to Pt/C, which is largely the result of the

difference in ECSA.

However, upon MEA implementation of the catalyst at a typical anode loading of

≈ 45 μgPt cm
–2
MEA, the ORR activity of Pt/TiO2/C is found to be essentially identical
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to a Pt/C electrode with a three times lower loading and therefore similar HOR ac-

tivity (≈ 15 μgPt cm
–2
MEA, indicated as Pt/CLL). Therefore, the selectivity advantage

of the catalyst that is expected from the RDE experiments cannot be confirmed in

an MEA. Furthermore, the beginning-of-test performance of MEAs with Pt/TiO2/C

anodes shows additional voltage losses of ≈ 35mV at 2A cm–2
MEA in H2/O2 polariza-

tion curves and when the cell was polarized in H2/H2 atmosphere. Based on H2-pump

measurements, these losses cannot be attributed to kinetic HOR overpotentials, but

are rather the result of a TiO2+ contamination due to TiO2 dissolution that leads to a

pH gradient in the MEA under load.74,122 Accordingly, Ti is found to be distributed

throughout membrane and cathode catalyst layer in EDX mappings of cross-sectioned

MEAs after the initial characterization.

Finally, the degradation during SUSD events is investigated for MEAs with a reg-

ular anode loading of ≈ 45 μgPt cm
–2
MEA for Pt/C (referred to as Pt/CHL) and for

the “selective” Pt/TiO2/C catalyst, as well as the lower loaded Pt/C anode with

≈ 15 μgPt cm
–2
MEA (referred to as Pt/CLL) that has an ORR activity comparable to

the Pt/TiO2/C anodes. Surprisingly, the MEAs with Pt/TiO2/C show an 8-fold re-

duced SUSD degradation compared to Pt/CHL, while a lower Pt/CLL loading increases

the durability only by a factor of two, in agreement with the kinetic model introduced

by Mittermeier et al.57 Interestingly, the significant advantage of a Pt/TiO2/C anode

agrees well with the difference in selectivity observed from RDE measurements, but

the reason for this behavior is not yet understood.
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Abstract 

Reducing cathode degradation during start-up and shut-down (SUSD) events is one of the remaining challenges for 

the wide spread application of proton exchange membrane fuel cells (PEMFC). An anode catalyst that is selective for 

the hydrogen oxidation reaction (HOR) while its activity for the oxygen reduction reaction (ORR) is severely reduced, 

could substantially prolong the SUSD lifetime of the cathode. Herein, we report on single cell measurements with a 

Pt/TiO2/C catalyst that has been shown to be HOR selective by rotating disk electrode (RDE) measurements. The 

HOR activity of the catalyst is compared to conventional Pt/C by ultra-low-loaded H2-pump measurement. The ORR 

activity of Pt/TiO2/C was compared to Pt/C anodes with high and low Pt loadings, thereby showing a diminished 

selectivity in MEA vs RDE measurements. The negative impact of TiO2 dissolution on the PEMFC performance was 

investigated by a voltage loss analysis of the oxygen polarization curves and ex-situ analysis of the MEAs. Finally, the 

successful mitigation of cathode carbon corrosion was shown over the course of 3200 SUSD cycles, whereby the 

retention of the electrochemically active surface area of the cathode catalyst when using a Pt/TiO2/C anode by far 

exceeded the improvements expected from the reduced ORR kinetics. 

 

Introduction 

The durability of the cathode catalyst layer continues to 

be one of the main challenges for the wide spread com-

mercialization of proton exchange membrane fuel cells 

(PEMFCs) for transportation applications.1-3 Especially 

start-up and shut-down (SUSD) events, where a H2/air 

gas front passes through the anode, have a detrimental 

effect on the long term stability of the cathode carbon 

support. This is caused by a polarization of the anode 

between a hydrogen-filled segment, where hydrogen 

oxidation reaction (HOR) takes place, and an air-filled 

segment, in which the oxygen reduction reaction (ORR) 

occurs. Due to the poor in-plane proton conductivity of 

the catalyst layers and distances of several mm-cm be-

tween the respective anode segments, an oxidative cur-

rent is forced on the adjacent cathode that is only sepa-

rated by a 10-50 µm thick membrane, which leads to 

cathode-sided carbon oxidation in the air/air-filled sec-

tion of the cell.4, 5 

While system based approaches have been developed 

to minimize SUSD induced cathode degradation, cata-

lyst based mitigation strategies are still required to reach 

current durability and cost targets.6-8 This might be 

achieved either by increasing the tolerance of the cath-

ode catalyst layer against the detrimental oxidative cur-

rents during SUSD events, or by modifying the anode in 

a way that reduces its ORR activity and therefore the re-

sulting polarization of the cathode. Following the former 

approach, it has been shown that using graphitized car-

bon can increase the tolerance against the carbon oxi-

dation reaction (COR) by orders of magnitude,5, 6, 9 but 

the implementation of well performing graphitized sup-

ports remains challenging. Other studies have replaced 

carbon by metal oxide supports that cannot be further 

oxidized, therefore eliminating the detrimental effects of 

SUSD events.10-12 However, these oxide based catalysts 

often lack the excellent conductivity and structural ad-

vantages of carbon supports thereby resulting in severe 

performance penalties.8, 13 
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For the anode, HOR-selective catalysts, i.e. catalysts 

that feature a reduced ORR activity while maintaining 

their HOR performance, have recently gained interest as 

a potential mitigation strategy against SUSD-induced 

cathode degradation.14-18 Durst et al. compared Ir/C and 

Pt/C and showed that the lower ORR activity of the for-

mer lead to significantly reduced performance losses 

during SUSD events.19 Similar results were obtained by 

selectively poisoning the ORR activity of conventional 

Pt/C with dodecanethiol.17 Furthermore, it has been 

shown that if the ORR on the anode is hindered due to a 

change in the support’s conductivity upon switching 

from H2 to air, i.e. the Pt being electrically insulated at 

high potentials, the degradation of the cathode can be 

significantly reduced.14, 20 Similarly, it has been shown for 

titanium oxide supported platinum nanoparticles that a 

strong metal-support interaction (SMSI) led to an encap-

sulation of the Pt particles with a thin layer of TiOx (x≤2), 

which significantly reduced the catalyst’s ORR activity.21, 

22 This encapsulation has been shown to occur either un-

der reductive conditions during the synthesis proce-

dure,21-23 or in-situ as a result of oxide support dissolu-

tion and redeposition on the Pt surface during voltage 

cycling.24-26 While the SMSI reduced the ORR activity of 

the catalyst by more than an order of magnitude, the 

HOR activity was shown to be mostly maintained mak-

ing TiO2 supported Pt an ideal candidate for an anode 

based SUSD mitigation catalyst.22-24 

In this study, we upscaled a previously reported 

Pt/TiO2/C catalyst, that combines the HOR selectivity of 

the SMSI between Pt and TiO2 with the conductivity and 

structural integrity of a carbon support,23 for testing in 

PEMFC membrane electrode assemblies (MEAs). After 

confirming the successful upscaling by rotating disk 

electrode (RDE) measurements, the catalyst is intro-

duced in MEAs, where the selectivity is compared to a 

conventional Pt/C catalyst by determining the HOR ki-

netics in ultra-low loaded H2-pump measurements and 

evaluating the anodes’ ORR performance in air. The per-

formance of MEAs with Pt/TiO2/C is then compared to 

MEAs with conventional Pt/C anodes of the same load-

ing and the same ORR activity (at a lower loadings), re-

spectively. These findings will be critically discussed 

with respect to the intrinsic stability of TiO2. Lastly, 

SUSD degradation tests will be conducted on all MEAs 

to investigate the effect of using a selective Pt/TiO2/C 

catalyst vs simply reducing the anode loading to yield a 

lower ORR activity. 

Experimental 

Catalyst Synthesis.– The Pt/TiO2/C catalyst was pre-

pared according to a previously reported synthesis pro-

cedure:23 First, 4.6 mL titanium(IV) isopropoxide (≥97%, 

Sigma Aldrich Corp.) in 200 mL ethanol (99.8%, abso-

lute, Sigma Aldrich Corp.) were added dropwise to 

400 mL of high purity water (15 MΩ cm, E-POD, Merck 

Millipore KGaA) at 80 °C. After stirring for 60 min, 

400 mL ethylene glycol (EG, 99.8%, anhydrous, Sigma 

Aldrich Corp.) were added and subsequently, ethanol 

and water were evaporated using a rotary evaporator 

(Hei-VAP Value; Heidolph Instruments GmbH & CO. KG.). 

Simultaneously, two identical batches of Pt nanoparti-

cles were each synthesized by heating 850 mg K2PtCl4 

(99.99% [metal basis], Sigma Aldrich Corp.), dissolved 

in 500 mL EG and with the pH adjusted to 10 by 1 M 

NaOH (99.99% [metal basis], Sigma Aldrich Corp.; dis-

solved in EG), at a rate of 1.5 K/min to 130 °C for 90 min 

using an automated temperature controlling device 

(Model 310, J-KEM, Inc.). When the Pt nanoparticle so-

lutions had cooled down to 60 °C, they were added to 

the titania dispersion (also at 60 °C), the pH was ad-

justed to ≈4 using a 1 M solution of H2SO4 (95%, VWR) 

in EG and the mixture was stirred for 16 h. Then, the 

Pt/TiO2 mixture was added to 2.5 g Vulcan carbon (XC-

72R, Tanaka Kikinzoku International K. K., Japan) that 

had been dispersed in 600 mL EG overnight and the 

mixture was stirred for 72 h before 2 L of acetone (≥98%, 

Sigma Aldrich Corp.) were added to reduce the solu-

tion’s polarity and the catalyst was separated from the 

solvents using an ultra-centrifuge (5810 R, Eppendorf). 

The thus obtained catalyst was washed four times in 

0.5 L of a 50/50-acetone/water mixture and dried in air 

at 70 °C. Subsequently, a heat treatment at 400 °C 

(10 K/min) for 1 h under reductive atmosphere (5% H2/Ar, 

1 L/min) was conducted in a tube furnace (HST 12/400, 

Carbolite Gero GmbH & Co. KG). Finally, 4 g of the cat-

alyst were ball milled (30 cycles, 200 rpm, 2 min on, 

5 min break, 30 g of 3 mm ZrO2 beads in a 20 mL ZrO2 

container, Pulverisette 7, Fritsch GmbH). 

The elemental composition of Pt/TiO2/C was determined 

by inductively coupled plasma mass spectrometry (ICP-

MS) after acid digestion (aqua regia for Pt and sulfuric 
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acid for Ti), and by carbon oxidation at elevated temper-

atures in air: Pt (13.0wt.%), Ti (21.6wt.%), and C (41 

wt.%). 

Rotating disk electrode (RDE) measurements.– The 

setup and measurement procedure for RDE measure-

ments was already reported in previous publications by 

our group (for details see Mittermeier et al.27 and 

Stühmeier et al.23). In short, electrolyte solutions were 

prepared from high purity HClO4 (60%, Guaranteed Re-

agent, Kanto Chemical Co., Inc., Japan) by addition of 

ultrapure water (18.2 MΩ cm, Milli Q Integral 5, Merck 

Millipore KGaA). Argon, hydrogen and oxygen used for 

purging the electrolyte were of high purity (6.0 grade, 

Westfalen AG). A glass cell with a Pt mesh as the counter 

electrode, separated by a glass frit from the working 

electrode compartment, and a freshly prepared trapped 

hydrogen electrode (Pt wire of 1.0 mm diameter sealed 

into a glass plug with the end drawn to a capil-

lary, >99.99% purity, Advent Research Materials, 

Eynsham, UK), separated with an electrolyte bridge, as 

the reference electrode (RE) was used. 

Inks were prepared by adding high purity acetone 

(≥99.9%, Chromasolv Plus, for HPLC, Sigma Aldrich 

Corp.) and, unless specified otherwise, ionomer solution 

(Asahi Kasei, Japan, 700 equivalent weight) to the dry 

catalyst. The ionomer to support (TiO2+C) ratio (I/S) was 

adjusted to 0.55 gI/gs for Pt/TiO2/C or 0.65 gI/gs for the 

Vulcan carbon supported platinum reference catalyst 

(19.8wt.% Pt/C, TEC10V20E, Tanaka Kikinzoku Interna-

tional K. K., Japan), respectively. After at least 10 min of 

sonication, 10 µL of the ink were dropped on a Glassy 

Carbon (GC) electrode substrate (5 mm diameter, Pine 

Research Instrumentation) to achieve a loading of 

20 µgPt/cmdisk
2 and left to dry at room temperature. The 

uniformity of the resulting catalyst layer was controlled 

using an optical microscope (Stemi 2000-C, Carl Zeiss 

Microscopy GmbH). 

All potentials are given on the reversible hydrogen elec-

trode reference scale (VRHE), whereby the zero current in-

tercept of the hydrogen oxidation and evolution reaction 

(HOR/HER) polarization curves was used to calibrate the 

RE during each measurement. Electrochemical meas-

urements were performed using an Autolab potentiostat 

(PGSTAT302N, Metrohm AG, Switzerland) and a rotator 

with a polyether ether ketone shaft (Pine Research In-

strumentation, USA). Prior to any measurements, the 

catalysts were cleaned by cycling the potential 50 times 

between 0.05 and 1.0 VRHE at 100 mV/s in an Ar-satu-

rated electrolyte, directly followed by cyclic voltammetry 

(CV) measurements (5 cycles) at 10 mV/s in the potential 

region of 0.05-1.0 VRHE and 0.2-1.05 VRHE. Then, ORR 

polarization curves between 0.2 and 1.05 VRHE were rec-

orded in O2-saturated electrolyte, followed by HER/HOR 

measurements between -0.025 and 1.5 VRHE after H2-

saturation, all at10 mV/s and 1600 rpm. For ORR activity 

determinations, the positive-going scan was used and 

CVs recorded in the Ar-saturated electrolyte in the same 

potential region were used for baseline corrections. The 

high frequency resistance (HFR in Ω cm2) between WE 

and RE was determined by electrochemical impedance 

spectroscopy (EIS) from 100 kHz to 100 Hz at open cir-

cuit voltage (OCV) with an amplitude of 10 mV. Potentials 

corrected this way (eq. 1) are denominated EiR-free, 

whereby E is the potential and igeo the geometric current 

density (normalized to Adisk = 0.196 cm2 for RDE meas-

urements): 

 EiR-free = E - i ∙ HFR [1] 

ORR polarization curves were further corrected for the 

diffusion overpotential ηdiff according to eq. 2, whereby 

R is the universal gas constant, T the temperature, F the 

Faraday constant, imeas the measured and ilim the limiting 

current density:28 

 EiR-,ηdiff-free = EiR-free - 
R ∙ T

4 ∙ F
 ∙ ln (1 - 

imeas

ilim
) [2] 

After capacitive baseline correction, the mass-specific 

kinetic current density imass (eq. 3) is obtained using the 

mass-transport correction for RDE measurements and 

normalizing to the Pt loading L:29 

 imass = 
ilim ∙ i

meas

ilim - i
meas

 ∙ L-1 [3] 

However, the corrections are only reliable for measured 

current densities smaller than ilim/2 where the mass-

transport corrections according to eq. 3 are less than a 

factor of 2.29 Additionally, current densities smaller than 

1% of the limiting current have been neglected for the 

ORR in order to minimize the error of the capacitive 

baseline corrections. 

Fuel cell hardware and experimental setup.– All MEA 
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measurements were performed on a customized G60 

test station (Greenlight Innovation Corp., USA). For re-

cording H2/H2 polarization curves during the SUSD 

study, the cathode gas supply was disconnected from 

the cell hardware and the anode gas was connected to 

the cathode side by a U-piece instead. For H2-pump and 

anode ORR measurements, the current range of the po-

tentiostat (Reference3000, Gamry Instruments, USA) 

was extended by a booster (Reference 30K Booster, 

Gamry Instruments, USA). All measurements were car-

ried out with a 5 cm2 active area single-cell hardware, 

using commercial graphite flow fields (7 parallel chan-

nels, one serpentine, 0.5 mm lands/channels; manufac-

tured by Poco Graphite, Entegris GmbH, USA, accord-

ing to our design30). Gas diffusion layers (GDLs) were the 

same in all experiments (H14C7, Freudenberg KG, Ger-

many) and the GDL compression was adjusted to 

18±1% by quasi-incompressible, PTFE-coated fiber-

glass gaskets (Fiberflon, Fiberflon GmbH & Co. KG, Ger-

many), assembled at a torque of 12 Nm resulting in a 

contact pressure of ≈1.5 MPa on the active area (for de-

tails see Simon et al.31). 

Membrane electrode assembly preparation.– MEAs 

were prepared by the decal transfer method, using 

Pt/TiO2/C or a Vulcan carbon supported platinum cata-

lyst (Pt/C, 19.8wt.% Pt/C, TEC10V20E, Tanaka 

Kikinzoku International K. K., Japan) for the anode elec-

trode, and 45.6wt.% Pt/C (TEC10V50E, Tanaka 

Kikinzoku International K. K., Japan) was used for the 

cathode electrode. For the catalyst inks, a defined 

amount of catalyst was mixed with 1-propanol and ion-

omer solution (Asahi Kasei, Japan, 700 equivalent 

weight). The ionomer/support (I/S) ratio was fixed to 

0.65 gI/gS for Pt/C electrodes and 0.55 gI/gS for 

Pt/TiO2/C electrodes. The inks were mixed by placing 

the bottles onto a roller mixer at 60 rpm for 18 h at room 

temperature. Then, the Mayer rod technique (coating 

machine: K Control Coater, RK PrintlCoat Instruments 

Ltd., England) with the appropriate bar size was used to 

achieve loadings of 45±5 µgPt/cmMEA
2 (Pt/TiO2/C and 

Pt/CHL anodes), 15±2 µgPt/cmMEA
2 (Pt/CLL anodes) and 

0.4 mgPt/cmMEA
2 (±10%, cathodes), respectively, on vir-

gin PTFE decals unless mentioned otherwise. The MEAs 

were fabricated by hotpressing the air dried decals onto 

a 15 µm membrane (chemically mitigated, W. L. Gore & 

Associates GmbH, Germany) at 155 °C for 3 min with an 

applied pressure of 0.11 kN/cm2. 

Hydrogen pump measurement procedure.– The H2-

pump measurements were performed according to a 

previously reported procedure.32 Thus, the test station 

was modified to feature pure H2 instead of air/O2 on the 

cathode side. Electrodes with very low Pt loadings of 

2.2±0.4 µgPt/cmMEA
2 (Pt/C or Pt/TiO2/C) served as work-

ing electrodes (WE, nominally “anode”), while an elec-

trode with high Pt loadings (0.4 mgPt/cmMEA
2, nominally 

“cathode”) served both as counter electrode and as RE. 

Prior to any kinetic measurements, each cell was condi-

tioned in a H2/H2 setup (80 °C, 90% RH, flow rates of 

2000/2000 nccm at 170 kPaabs) by polarizing the work-

ing electrode to the following potentials: +0.35 VRHE for 

20 min, +0.75 VRHE for 5 min, 5 min at open circuit volt-

age (OCV), -0.2 VRHE for 10 min, and finally again 5 min 

at OCV. This sequence was repeated 10 times until a 

constant performance was reached. The HOR/HER ki-

netic measurements were then performed under the 

same conditions by a set of galvanostatic and potenti-

ostatic measurements. For galvanostatic measure-

ments, a DC current was drawn for 60 s and the resulting 

potential response was averaged over the last 10 s; this 

was followed by an EIS measurement at the same cur-

rent, with a current amplitude of 10% of the DC current 

(from 500 kHz to 1 Hz, with 10 points per decade). These 

measurements were performed for currents between 

±0.0117 A/cmMEA
2 and ±0.074 A/cmMEA

2 in ascending or-

der (4 different DC current values) by alternating be-

tween anodic and the corresponding cathodic current in 

order to precisely determine the reversible potential at 

each condition. At each point, the HFR was used to cor-

rect the H2-pump cell potential for the ohmic drop ac-

cording to eq. 1 in order to obtain the iR-free cell voltage 

that corresponds to the HOR/HER overpotential η at this 

specific measurement point.32 

Following these galvanostatic measurements, potenti-

ostatic measurements were conducted in the analogous 

manner by applying a given potential for 60 s and aver-

aging the resulting current during the last 10 s, followed 

by a potentiostatic EIS at the same potential using a po-

tential amplitude of 1% of the DC potential (from 

500 kHz to 1 Hz, with 10 points per decade). The poten-

tiostatic testing was performed for potentials between 
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±5 mV and ±1.1 V (cathodic potentials only un-

til -200 mV) in ascending order and alternating between 

anodic and equal cathodic potentials. After each data 

point (static hold plus EIS), a relaxation step of 5 or 60 s 

(after potentials exceeding ±0.1 V) at OCV was imple-

mented to ensure steady-state conditions for the next 

point. 

SUSD aging procedure and diagnostic measure-

ments.– All MEAs were conditioned prior to testing, us-

ing a voltage-controlled ramp-in procedure (H2/air flows 

of 1390/3320 nccm at 80 °C, 100% RH, and 150 kPaabs): 

0.6 V for 20 min and 10 min at 0.85 V. This sequence 

was repeated 8 times, after which a constant perfor-

mance was reached. The conditioning step was followed 

by a H2/H2 polarization curve similar to the previously de-

scribed H2-pump measurements. The cathode inlet and 

outlet tubes were connected in a way to bypass the cell 

and purged with N2 at 170 kPaabs. Anode outlet of the cell 

was connected to the cathode inlet of the cell by a metal 

U-piece that was thermally isolated and heated (electri-

cal heating wire, Horst GmbH). The U-piece was heated 

to 100 °C to prevent the possibility of the water conden-

sation in the cell connections. The purpose of this pro-

cedure is to evaluate the HOR overpotential on the an-

ode over the course of aging, thus, the polarization of 

the anode was conducted in galvanostatic mode at the 

same current densities as air and O2 polarization curves 

recorded in the standard fuel cell mode (details in the 

following paragraphs). At each current density, gal-

vanostatic electrochemical impedance spectroscopy 

(GEIS) was conducted for the HFR evaluation. The H2/H2 

polarization further served as a recovery step after aging 

that reduced the cathode electrode prior to its charac-

terization. 

CVs of the cathode electrode were recorded between 

0.07 and 1.00 VRHE at a scan rate of 20, 50, 100 and 

150 mV/s, at 40 °C and ambient pressure. The cathode 

ECSA was evaluated from CVs recorded with 20 mV/s 

by integrating the hydrogen under-potential deposition 

(Hupd) region and averaging the H-desorption and H-ad-

sorption charge (using a specific charge, qPt of 

210 μC/cm2
Pt) as follows: 

 ECSAads./des = 
Aads./des.

ν*qPt*L
  [4] 

where Aads./des. is H-adsorption/-desorption, ν is a scan 

rate and L is Pt loading of the electrode. 

The counter/reference electrode was fed with 200 nccm 

of fully humidified 5% H2 in N2, and the working elec-

trode was initially purged with dry N2 at 50 nccm, while 

interrupting the gas flow to record the CVs. Anode CVs 

were recorded in the same potential range as cathode 

CVs at a scan rate of 50, 100, 150 and 300 mV/s, at 

40 °C and ambient pressure. The ECSA of the anode 

was evaluated from CVs recorded at 50 mV/s scan rate 

in the same way as the cathode ECSA. The counter/ref-

erence electrode (nominally cathode) was fed with 

200 nccm of fully humidified 5% H2 in Ar, and the work-

ing electrode (nominally anode) was purged with fully hu-

midified N2 at 50 nccm, while interrupting the gas flow 

while recording the CVs. 

The proton conduction resistance of the cathode elec-

trode, 𝑅H+, cath  was determined from AC impedance 

spectra recorded in blocking conditions (H2/N2 in anode 

and cathode respectively) at 0.2 V with a peak-to-peak 

perturbation of 3.5 mV between 500 kHz and 0.2 Hz (20 

points per decade) based on a transmission line model.33 

In order to ensure reproducibility, the measurement was 

repeated three times. This measurement was conducted 

at 90% RH, with 270 kPaabs under differential flow con-

ditions (H2/N2 at 1000/1000 nccm) at 80 °C. 

Differential flow polarization curves were recorded in gal-

vanostatic mode at 80 °C, 170 kPaabs inlet-controlled 

pressure, 90% RH for both reactants, and constant 

flows of 2000 nccm of H2 on the anode and 5000 nccm 

of O2 or air on the cathode. Anode and cathode were 

operated in counter flow mode. Each current density 

point was held constant for 5 min and the resulting volt-

age was averaged over the final 30 s. The ORR kinetics 

were determined from H2/O2 polarization curves after ap-

plication of four corrections: i) the potential was cor-

rected for the iR-drop, using the high frequency re-

sistance (HFR) obtained from the x-axis intersect in the 

Nyquist plot measured by GEIS in the frequency range 

from 100 kHz to 10 Hz at each current density (applying 

a 10% AC amplitude with respect to the current); ii) HOR 

polarization potential determined from H2/H2 polarization 

curves (polarization curve corrected only for the iR-drop: 

EiR-free
H2/H2 =Ecell-iRHFR) and iii) proton conduction resistance 
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through the cathode catalyst layer; according to the fol-

lowing equation: 

 

EiR/R
H+, cath

-free+EiR-free
H2/H2  

=Ecell+iRHFR+iRH+, cath
eff +EiR-free

H2/H2   

[5] 

The current was corrected for the ohmic short of the 

membrane, as well as for the H2 crossover, both deter-

mined in H2/N2 (150/600 nccm) at 170 kPaabs, 80 °C, and 

90% RH by applying a constant potential of 0.2, 0.3, 0.4, 

0.5, 0.6 and 0.7 V for 2 min each, and Pt loading normal-

ized. 

The SUSD protocol was adapted from the previous 

study in our group.5 The gas flow during the measure-

ment was 500 nccm (air on the cathode; air and H2 on 

the anode) at 170 kPaabs gas pressure, 80 °C cell tem-

perature and 90% RH, resulting in a short residence time 

of the H2/air front of only 0.02 s generated on the anode 

side. Fast gas exchange on the anode was ensured by 

operating with separate secondary anode humidifier and 

mass flow controller. One SUSD cycle was comprised of 

60 s in standard FC mode (H2/air) at OCV, followed by a 

shut-down step of 60 s with air on the anode (air/air). Fi-

nally, the next cycle was started with a start-up step, 

where H2 was purged to the cell. 

Electrode thickness and Ti distribution determina-

tion by SEM and EDX.– The electrode cross-section 

samples for ex-situ thickness evaluation by scanning 

electron microscope (SEM) and energy dispersive X-ray 

analysis (EDX) were prepared in a cooled cross-section 

polisher (IB-19520CCP, Jeol GmbH, Germany). Fresh 

and aged MEAs (together with the GDLs) were cut in rec-

tangular pieces (0.5 mm x 0.75 mm) and placed in the 

sample holder. The cutting protocol was conducted at 

6.0 kV accelerating voltage of the ion beam and 4.0 kV 

Ar flow at -80 °C (to avoid thermal damage, constant 

cooling was ensured by liquid N2) and under vacuum 

(5 mPa) for 4 h (with 10 s alteration between beam on 

and off mode). At the end, a fine polishing protocol was 

conducted with 4.0 kV beam accelerating voltage and 

6.0 kV Ar flow for 2 h (again 10 s alteration between 

beam on and off mode). The SEM images were taken 

under vacuum in secondary electron mode at 10 kV ac-

celerating voltage and a magnification of 2200x at five 

arbitrarily chosen locations for each MEA (given errors 

represent the standard deviation of all thickness meas-

urements on one MEA). 

Additional SEM/EDX measurements were conducted on 

an MEA containing a Pt/TiO2/C anode after the initial 

electrochemical characterization (the MEA was not 

tested for SUSD durability). A line scan across the MEA 

was recorded with an accelerating voltage of 15 kV, 

which was sufficient for the analysis of the Ti K-shell, and 

2200x magnification. 

Results and Discussion 

Catalyst characterization by rotating disk electrode 

measurements.– The Pt/TiO2/C catalyst resembled an 

up-scaled version of a previously reported catalyst.23 To 

ensure that the catalyst featured the previously reported 

characteristics, namely suppressed Pt oxidation, stabili-

zation of a high HOR activity up to 1.5 VRHE, and a signif-

icantly reduced ORR activity, it was investigated by ro-

tating disk electrode (RDE) measurements (fig. 1). As can 

be seen by CVs recorded in Ar-saturated 0.1 M HClO4, 

Pt/TiO2/C featured a reduced capacity in the Hupd region 

below 0.4 VRHE compared to the Pt/C reference (fig. 1a). 

A lower ECSA of 28±7 (Pt/TiO2/C) vs 81±1 m2/gPt (Pt/C) 

obtained from the Hupd charge according to eq. 4 has 

been discussed to result from particle sintering during 

the reductive heat treatment at 400 °C and a reduced 

accessibility of the particles due to SMSI.23 The large un-

certainty in determining the ECSA originates in parts 

from the imbalance of anodic and cathodic Hupd charge 

and overall less defined Hupd features that complicate the 

evaluation.21, 23 An almost complete suppression of plat-

inum oxidation at potentials above 0.7 VRHE on Pt/TiO2/C 

compared to Pt/C has likewise been explained by an en-

capsulation of the Pt particles by a thin titanium sub-ox-

ide (TiOx, x≤2) layer.22, 23 Such layers have been proposed 

to be permeable for H2 and protons but not oxygenated 

species, thereby suppressing Pt oxidation and ORR 

alike, while maintaining the HER/HOR activity of the cat-

alyst.21, 25 As both Pt oxidation and ORR require a surface 

accessibility for oxygenated species, it has been specu-

lated in previous works that the ORR activity of Pt cata-

lysts effected by SMSI correlates with the suppression 

of Pt oxidation.21, 22, 26 The mass specific oxidation 

charge was therefore calculated by integrating the posi-

tive going scan from 0.6 to 1.0 VRHE analogous to eq. 4. 
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With 14±3 mC/mgPt, Pt oxidation was roughly 12-fold re-

duced on Pt/TiO2/C compared to Pt/C (168±2 mC/mgPt). 

This would indicate that the ORR is more suppressed 

than one would expect from the reduced ECSA. 

 

Figure 1. RDE measurements comparing Pt/TiO2/C (purple) 

and Pt/C (green) in 0.1 M HClO4. a) CVs in Ar-saturated elec-

trolyte; b) Tafel plots of diffusion overpotential corrected, iR-

free potential vs. mass-specific kinetic ORR current density 

with (solid lines) and without ionomer (dashed lines), recorded 

at 1600 rpm in O2-saturated electrolyte; c) HER/HOR polariza-

tion curves recorded in H2-saturated electrolyte at 1600 rpm. 

All measurements were recorded at room temperature with a 

scan rate of 10 mV/s, a loading of 20 μgPt/cmdisk
2, and an I/S 

ratio (Asahi Kasei ionomer) of 0.55 (Pt/TiO2/C) or 0.65 (Pt/C), 

respectively. 

Indeed, the ORR activity of Pt/TiO2/C is significantly re-

duced compared to Pt/C (fig. 1b, for applied corrections 

see experimental section). When no ionomer was used, 

Pt/C (green dashed line) featured a mass activity of 

99±2 A/gPt at 0.95 VRHE (note that the catalyst was too 

active to obtain reliable results at 0.9 VRHE with the used 

loadings). In contrast, Pt/TiO2/C had a ≈30-fold lower 

mass activity at 2.9±0.4 A/gPt under these conditions 

(purple dashed line). However, this gap narrowed to a 

≈14-fold reduced activity once ionomer was used, 

whereby Pt lost 70% of its activity due to ionomer poi-

soning (30±1 A/gPt, green solid line), whereas Pt/TiO2/C 

maintained most of its activity at 2.2±0.1 A/gPt (purple 

solid line). Most likely, this is a result of the TiOx-encap-

sulation that would prevent ionomer poisoning by sepa-

rating active sites and sulfonate groups and could itself 

be considered as severe catalyst poisoning. The degree 

of activity reduction correlates well with the ≈12-fold re-

duced Pt oxidation charge, which indicates that the 

origin of the reduction is indeed a reduced accessibility 

of the surface for oxygenated species. 

Another result of the TiOx-encapsulation is that the HOR 

activity of Pt/TiO2/C (purple line) is maintained up to 

1.5 VRHE, whereby the deactivation of the catalyst due to 

platinum oxidation at high potentials (confer Pt/C, green 

line) is mitigated (fig. 1c). A determination of the HOR ex-

change current density according to the Butler-Volmer 

equation is not possible by RDE measurements in acidic 

electrolytes due to the setup’s slow mass transport in 

combination with the extremely fast rates of the 

HER/HOR.34 Thus, the HER/HOR activity of Pt/TiO2/C 

had been estimated in a previous work in 0.1 M NaOH, 

where the HER/HOR kinetics on Pt-based catalysts are 

two orders of magnitude lower,35 to be roughly three 

times lower than Pt/C.23 In first approximation, this dif-

ference in activity can be explained by the ECSA differ-

ences between the two catalysts. To estimate the selec-

tivity of a catalyst and therefore its usefulness as SUSD 

mitigation catalyst, a selectivity factor S that correlates 

the HER/HOR exchange current density i0 and the ORR 

mass activity can be defined (eq. 6):23 

 
S ∶=  

i0 (HER/HOR)

imass (ORR)
 [6] 

Assuming that the HOR activity is indeed reduced by 

roughly a factor of three, a 14-fold lower ORR activity 

would result in a ≈5 times higher selectivity of Pt/TiO2/C 

versus Pt/C. 

HOR activity determination by hydrogen pump 

measurements.– To investigate whether the selectivity 

observed in RDE measurements can be confirmed on 

the application level, HOR and ORR activities need to be 

obtained in an MEA setup. The overpotential for the an-

ode reaction is typically in the order of less than 10 mV 

for electrodes with roughness factors (rfs) of more than 
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20 cmPt
2/cmMEA

2 due to the fast HOR kinetics on Pt cat-

alysts.32 Thus, H2-pump measurements were performed 

on ultra-low-loaded electrodes (2.2±0.4 µgPt/cmMEA
2), 

whereby pure hydrogen is supplied to both sides of the 

MEA that is then polarized to accurately determine the 

HER/HOR kinetics (fig. 2). 

 

Figure 2. HER/HOR activity of Pt/C and Pt/TiO2/C recorded by 

PEMFC-based H2-pump measurements. a) Mass normalized 

kinetic current densities for the hydrogen oxidation and evolu-

tion reaction of Pt/C (green squares) and Pt/TiO2/C (purple di-

amonds); inset: micropolarization region (≤10 mVRHE) with line-

arized Butler-Volmer fits according to eq. 7; b) corresponding 

HFRs used for correcting the iR-drop. Data averaged over two 

MEAs for each catalyst measured at 80 °C, 100 kPaH2, and 90% 

RH with 2000/2000 nccm H2 on both sides. The working and 

counter electrode Pt loadings are 2.2±0.4 µgPt/cmMEA
2 and 

≈0.4 mgPt/cmMEA
2, respectively. 

A galvano-/potentiostatic measurement approach was 

used that allows for a determination of the HFR (fig. 2b) 

and therefore for an accurate iR-correction for each data 

point according to eq. 1 (for details see experimental 

section). A much higher counter electrode loading of 

≈0.4 mgPt/cmMEA
2 ensured that the measured potentials 

can be attributed exclusively to the WE. Since the con-

tributions of proton conduction in the WE and mass 

transport to the electrode can be neglected under the 

chosen conditions, the overpotential η (in V) of the 

HER/HOR is assumed to equal the iR-free voltage.32 The 

exchange current density i0 can then be calculated from 

the micropolarization region ( |𝜂|  ≤ ±10 mV, inset in 

fig. 2a) using the linearized form of the Butler-Volmer 

equation (eq. 7),36 whereby the sum of the transfer coef-

ficients (αa+αc) is assumed to equal 1 for a Tafel-Volmer 

reaction mechanism.37, 38 

 
i0 ∙ (αa + αc) = 

R ∙ T

F
 ∙ 

imass

η
 [7] 

With an i0 of 0.25±0.03 A/µgPt, Pt/TiO2/C is indeed 

roughly two times less active for the HER/HOR than Pt/C 

(0.54±0.12 A/µgPt, tab. 2), thus confirming the previously 

from alkaline RDE measurements estimated trend. How-

ever, the stabilization at high positive potentials could 

not be confirmed. After reaching a current plateau at 

roughly 200 mV overpotential, both catalysts started to 

deactivate above 400 mV. The current plateau has been 

discussed to result either from a change in the rate de-

termining step to an adsorption limitation (Tafel reaction) 

or a mass transport limitation through the ionomer film, 

both of which would scale with ECSA, therefore explain-

ing the difference in current density.32, 34, 39, 40 The deacti-

vation seems to be more pronounced for Pt/C (green 

squares) as it crosses Pt/TiO2/C (purple diamonds) at 

1.1 VRHE. Still, the overlapping error bars from two meas-

urements indicate that this is not a clear trend. The HOR 

activity on Pt/TiO2/C seemed to reach a second plateau 

at ≈1 V overpotential, which might explain the observed 

behavior in RDE. Considering that the currents in the H2-

pump measurements were much higher than the 

≈140 µA/µgPt required to reach the limiting current den-

sity in RDE measurements (at a loading of 20 µgPt/cm2), 

it is likely that both catalysts deactivate to some extend 

and that Pt/TiO2/C just maintained enough activity to 

reach the limiting current density even at 1.5 VRHE due to 

suppressed Pt oxidation. 

Anode ORR activity.– Having confirmed the high HOR 

activity of Pt/TiO2/C by ultra-low loaded H2-pump meas-

urements, regular MEAs with an anode loading of 

45±5 µgPt/cmMEA
2 and a cathode loading of 

0.4 mgPt/cmMEA
2 were prepared. Fig. 3a shows CVs of 

the respective anodes. While the overall CV shape was 

maintained for both catalysts, the difference in Hupd 

charge was smaller than observed in RDE with Pt/TiO2/C 

having an ECSA of 44±2 m2/gPt compared to Pt/C with 
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78±1 m2/gPt. The origin of this discrepancy between the 

ECSA determined by RDE vs. MEA for Pt/TiO2/C is not 

clear at this point and multiple factors might play a role: 

A) proton conduction through the TiOx layer could have 

improved due to the higher temperature making more of 

the Pt surface accessible; B) the conditioning under pure 

hydrogen might have been sufficient to partially reduce 

the TiO2 support by hydrogen-spillover,41 thereby im-

proving its conductivity and making formerly isolated 

particles accessible;20 C) longer times and higher tem-

peratures under conditions, where TiO2 is not fully stable 

(pH<6),42 might have led to a partial dissolution of the 

TiOx layers, which exposed more of the Pt surface. The 

later factor does not seem to be the main reason for the 

increased ECSA as the CV shape would be expected to 

resemble more closely a conventional Pt CV once the 

TiOx-encapsulation is removed,21 whereas Pt oxidation 

remained suppressed in this case. The larger ECSA of 

Pt/TiO2/C is most likely responsible for the only two 

times lower HOR/HER activity of the catalyst, which ex-

ceeded the expectations from previous RDE experi-

ments. 

In order to investigate the selectivity of the catalysts, the 

connections of anode and cathode were switched after 

conditioning of the cells, i.e., the high loaded nominal 

“cathode” was supplied with H2 and the low loaded 

nominal “anode” with air. In fig. 3b, the air performance 

of Pt/TiO2/C (45±5 µgPt/cmMEA
2, purple line) is compared 

to Pt/C with the same loading (Pt/CHL, green line) and a 

lower loading of 14±2 µgPt/cmMEA
2 (Pt/CLL, orange line). 

Surprisingly, a significant reduction in ORR activity due 

to the SMSI was no longer observed when implementing 

the catalyst in an MEA. Instead, the catalyst showed a 

roughly 3-fold reduced mass activity at 0.85 V in air 

(tab. 2). As a result of the unexpectedly high ORR activity, 

Pt/TiO2/C showed only an insignificant advantage in se-

lectivity, i.e., the ratio of HER/HOR exchange current 

density over ORR activity (eq. 6), compared to Pt/C but 

rather an overall lower activity (tab. 2). Only at current 

densities above 50 mA/cmMEA
2, there seemed to be a dif-

ference between Pt/TiO2/C and Pt/CLL with the former 

being more mass transport limited. This indicates that a 

hindered oxidation of Pt as observed in the CVs does 

not necessarily result in significantly reduced ORR kinet-

ics at low current densities but might still hinder the ORR 

by additional mass transport resistances through the en-

capsulating layer. 

 

Figure 3. Characterization of the anodes after conditioning. a) 

CVs of Pt/TiO2/C (purple) and Pt/CHL (green) anode catalyst lay-

ers recorded at 40 °C between 0.07–1.00 VRHE at a scan rate of 

150 mV/s, using a constant flow of 5 nccm dry N2 in the anode 

compartment and 500 nccm fully humidified 5% H2 in Ar in the 

cathode compartment at ambient pressure; b) differential flow 

H2/air (2000/5000 nccm) polarization of the respective anodes 

in Tafel plot representation of geometric current density, cor-

rected by the HFR, the H2 crossover and the capacitive cur-

rents (obtained from CVs under H2/N2), measured with a scan 

rate of 20 mV/s between 0.3–1.0 V, at a pressure of 170 kPaabs, 

a temperature of 80 °C, and an RH of 90%. The anode loadings 

were 45±5 µgPt/cmMEA
2 (Pt/CHL and Pt/TiO2/C) and 

14±2 µgPt/cmMEA
2 (Pt/CLL), with a cathode loading of 

0.4 mgPt/cmMEA
2. 

Table 2. Summary of the HER/HOR and ORR activities (rec-

orded under air) of the investigated anode catalysts obtained 

by PEMFC-based MEA measurements and the resulting selec-

tivity according to eq. 6. 

Catalyst 

i0 

(HER/HOR) 

[A/µgPt] 

imass (air) @ 

0.85 V 

[mA/mgPt] 

S 

∶=  
i0 (HER/HOR)

imass (air) ∙ 103
 

Pt/C 0.54±0.12 102±10 5.3±1.7 

Pt/TiO2/C 0.25±0.03 34±2 7.4±1.3 
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To estimate whether this might still have an effect on the 

SUSD durability of the MEA, the expected COR current 

densities during SUSD events were calculated via a ki-

netic model (for details on the used equations and input 

parameters see Mittermeier et al.5). Hereby, the cell is 

formally split into a galvanic (fuel cell operation) and an 

electrolytic cell compartment (COR on the cathode and 

ORR on the anode side). Since the only difference be-

tween the investigated MEAs is the anode composition 

with insignificant contributions of the HOR overpoten-

tials (see fig. 2), the polarization curve of the FC com-

partment (black dotted line in fig. 4) was modeled for an 

MEA with a cathode loading of 0.4 mPt/cmMEA
2 (50wt.% 

Pt/C), an HFR of 30 mΩ cmMEA
2 and a H2-crossover of 

5 mA/cmMEA
2. The COR branch of the electrolytic cell 

compartment was modeled for the same cathode ac-

cording to Mittermeier et al.,5 while the data depicted in 

fig. 3b was used for the anode’s ORR overpotential re-

sulting in the electrolytic polarization curves (i.e., the po-

tential difference between COR and anode ORR poten-

tials, solid lines) shown in fig. 4. 

 

Figure 4. Modeled polarization curves for both the fuel cell 

(dotted black line) and the electrolytic part of the cell (full lines) 

during an SUSD event based on the anode ORR polarization 

curves depicted in fig. 3b. This plot is based on a H2/air anode 

location τ = 0.5 (i.e., the cell is divided equally in the electrolytic 

and galvanic sections), plotting Ecell vs the SUSD current nor-

malized by the entire cell area (i.e., ISUSD/Acell) for MEAs with a 

cathode loading of 0.4 mgPt/cmMEA
2 at 80 °C, 70 kPag and full 

humidification based on the kinetic model and input parame-

ters reported by Mittermeier et al.5 

The crossover point of the cell potentials is the expected 

SUSD current density iSUSD (in mA/cmMEA
2) for an anode 

H2/air-front location τ of 0.5 (i.e., equally sized galvanic 

and electrolytic cell compartments). A 3-fold lower an-

ode loading and therefore equally reduced ORR activity 

for Pt/CLL would result in an SUSD current of 

≈45 mA/cmMEA
2 compared to ≈80 mA/cmMEA

2 for Pt/CHL 

leading to roughly a doubling of the life time. As ex-

pected from the ORR curves, a Pt/TiO2/C anode should 

yield only a slight improvement over Pt/CLL with an iSUSD 

of ≈40 mA/cmMEA
2 due to the onset of mass transport 

limitations. Still, the kinetic model suggests that the 

SUSD current densities fall into a region where other ef-

fects than pure kinetics start to impact the Pt/TiO2/C 

MEAs. Thus, the cell performance and SUSD induced 

cathode degradation was investigated for the three MEA 

compositions to decouple the effect of a lower anode 

activity and effects due to the use of a TiO2 support. 

Beginning of test performance.– Having characterized 

the anode performance, the beginning of test (BoT) cell 

performance was investigated before proceeding with 

the SUSD degradation study. Thus, polarization curves 

in H2/O2 configuration were recorded for freshly ramped-

in MEAs (fig. 5). The characterization was preceded by 

polarization curves in H2/H2 configuration that served as 

a recovery step and to verify the anode performance. 

While slight variations in HFR (fig. 5b) and performance 

(fig. 5a) could be observed, the MEAs with Pt/C anodes 

showed essentially the same behavior, whereas the 

MEAs with a Pt/TiO2/C anode additionally lost ≈35 mV at 

2 A/cmMEA
2. Interestingly, this loss could be observed in 

the iR-corrected H2/H2 polarization curves as well 

(fig. 5c), although losses of less than 10 mV would be 

expected for 50 A/mgPt (corresponding to 2 A/cmMEA
2 at 

40 µgPt/cmMEA
2) according to the HER/HOR kinetics de-

termined in the H2-pump measurements. Indeed, the 

Pt/CLL anode that should have a similar HOR activity 

showed the expected iR-free potential of less than 

10 mV (orange cycles in fig. 5c). 

The additional ≈35 mV therefore cannot be explained by 

kinetic overpotentials but must have a different origin. As 

previously discussed, TiO2 is to some extend instable at 

low pH, whereby TiO2+ ions are formed according to 

eq. 8:42 

 TiO2 + 2 H+ ⇌ TiO2+ + H2O [8] 

These cations would lead to a contamination of the ion-

omer phase where protons are replaced by TiO2+. Under 

load, ion migration to the cathode would result in the 
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build-up of a pH gradient across the MEA, which shifts 

the cathode equilibrium potential and results in an addi-

tional thermodynamic penalty.43 Since the same current 

densities were used in the H2/H2 and the H2/O2 polariza-

tion curves, the reduction reaction (HER or ORR) oc-

curred on the cathode in both cases, and the Nernst shift 

with pH is the same for all reactions, a cation contami-

nation would be expected to result in the same addi-

tional overpotential in both polarization curves, as it was 

observed in this case. Thus, the iR-free potential in H2/H2 

polarization curves cannot be used to evaluate the ki-

netic HOR voltage losses of the anode when using a TiO2 

support. 

 

Figure 5. Beginning of test performance of MEAs with anode 

loadings of 45±5 µgPt/cmMEA
2 for Pt/CHL (green squares) and 

Pt/TiO2/C (purple diamonds) or 14±2 µgPt/cmMEA
2 (Pt/CLL, or-

ange circles) and a cathode loading of 0.4 mgPt/cmMEA
2. a) un-

corrected H2/O2 (2000/5000 nccm) polarization curve; b) cor-

responding HFR values recorded by GEIS; c) absolute, HFR-

corrected cell potential in H2/H2 (2000/2000 nccm) polarization 

curves. All measurements recorded at a pressure of 170 kPaabs, 

a temperature of 80 °C, and an RH of 90%. 

If a TiO2+ contamination would be the origin for the addi-

tional voltage losses, titanium should be detectable in 

the cathode catalyst layer. Thus, scanning electron mi-

croscopy (SEM) coupled with energy dispersive X-ray 

spectroscopy (EDX) was used to analyze the cross-sec-

tion of a Pt/TiO2/C containing MEA after initial perfor-

mance characterization (fig. 6). In the SEM image 

(fig. 6a), the anode can be seen as a 4.6±0.7 µm thin 

layer separated from the 8.6±0.3 µm thick cathode by 

the reinforced membrane. 

 

Figure 6. Cross section of an MEA with a Pt/TiO2/C anode after 

beginning of test performance characterization. a) SEM image 

showing anode catalyst layer, reinforced membrane and cath-

ode catalyst layer; b) corresponding EDX spectrum showing 

the Ti distribution in the sample with a representative line spec-

trum recorded through the MEA depicted in purple. 

As expected, the corresponding EDX detection in a line 

scan of the Ti K-shell signal (fig. 6b) showed that, while 

the majority of Ti remained in the anode catalyst layer, 

its signal was also recorded throughout the membrane 

and cathode catalyst layer. The line signal through the 

MEA (represented by the purple bar diagram in fig. 6b) 

showed a high concentration in the anode but also the 

distribution throughout membrane and cathode catalyst 

layer, whereby an accumulation in the cathode catalyst 

layer could be observed to some extent. Although it is 

not possible to tell which titanium species was present 

in the MEA, it seems likely that it would be a dissolved 

cationic species capable of migrating through the iono-

mer phase. The mobility of such Tiz+ species in an MEA 

was recently shown by Zhang et al., where the use of a 

TiO2 supported catalyst lead to severe membrane deg-

radation as a result of titanium ions catalyzing the Fenton 

reaction.44 

With Ti having been demonstrated within the cathode 

catalyst layer, it seems likely that the origin for the sur-
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prisingly high voltage losses in the H2/H2 and H2/O2 po-

larization curves was indeed a cation induced pH gradi-

ent throughout the MEA. Since this effect of the contam-

ination is expected to affect both polarization curves the 

same way, i.e., the pH dependency of the HOR and the 

ORR is the same, the voltage difference should disap-

pear when the iR-free potential from the H2/H2 polariza-

tion curves (EiR-free
H2/H2) is used to correct the oxygen pol-

curves (see experimental section). Furthermore, the pro-

ton sheet resistance measurement for the cathode 

would be affected by a cationic contamination as well, 

as the ionic resistance in the electrode would increase at 

the membrane-electrode interface due to proton deple-

tion. For such an increased proton resistance at the in-

terface, a deviation from the 45° line and a shift to higher 

apparent proton sheet resistances would be expected 

from the transition line model.45 Indeed, this behavior 

was observed for MEAs with a Pt/TiO2/C anode (see Ap-

pendix-A), whereby the deviation from the 45° line ex-

pected in combination with the unknown extend of the 

conductivity gradient made a determination of a reliable 

proton sheet resistance value impossible.  

 

Figure 7. Beginning of test H2/O2 performance of MEAs with 

anode loadings of 45±5 µgPt/cmMEA
2 for Pt/CHL (green squares) 

and Pt/TiO2/C (purple diamonds) or 14±2 µgPt/cmMEA
2 (Pt/CLL, 

orange circles) and a cathode loading of 0.4 mgPt/cmMEA
2 in 

mass normalized Tafel representation. The potential was cor-

rected for the HFR, a proton sheet resistance of 25 mΩ cmMEA
2 

(obtained for Pt/CHL), and the HFR-free potential of the H2/H2 

polarization curves; the current was corrected for H2 crossover 

and the shorting current. All measurements recorded in differ-

ential flow configuration at a pressure of 170 kPaabs, a temper-

ature of 80 °C, and an RH of 90%. 

However, the effect of this changed proton conductivity 

in the cathode should affect the H2/H2 polarization in a 

similar manner and should therefore be accounted for in 

EiR-free
H2/H2. Thus, the proton sheet resistance of 

≈25 mΩ cmMEA
2 obtained from the Pt/C MEAs was used 

to correct the H2/O2 polcurves of the Pt/TiO2/C MEAs as 

well. Once all of these corrections have been applied, 

the curves for all MEAs fall on top of each other without 

additional unassigned losses (fig. 7). The cell perfor-

mance is therefore a combination of the expected ohmic 

resistances and cathode overpotentials, cation contam-

ination effects from dissolved TiO2 and kinetic overpo-

tentials from the HOR in the range of <10 mV. 

Start-up and shut-down degradation.– Having identi-

fied the origin of the beginning of life performance losses 

from using a Pt/TiO2/C anode, SUSD measurements 

were performed to test how the catalyst affects the deg-

radation rate. While the degradation originates mainly 

from carbon corrosion, a decay in ECSA due to particle 

loss and dissolution has been shown to correlate well 

with the overall cathode degradation.5, 46 As expected, 

when using an anode with a high ORR activity (Pt/CHL, 

fig. 8a), the cathode quickly lost ECSA with progressing 

SUSD cycling. In comparison, the use of an anode with 

a lower ORR activity by either reducing the loading 

(Pt/CLL, fig. 8b) or the intrinsic activity of the catalyst in 

the case of Pt/TiO2/C (fig. 8c) resulted in a stabilization 

of the cathode as shown by the smaller changes in the 

CVs throughout the SUSD degradation study. For Pt/C 

anodes, the ECSA degradation rate seemed to correlate 

well with the ORR activity of the anode (fig. 9). The re-

duction of the ORR activity by a factor of 3 for Pt/CLL 

nearly exactly doubled the lifetime of the MEA, as ex-

pected from fig. 4. The cathode ECSA of 24±3 m2/gPt 

that remained after 3200 SUSD cycles for Pt/CLL was 

reached by Pt/CHL MEAs already after 1600 SUSD cycles 

(25±2 m2/gPt) while the value dropped further to only 

17±1 m2/gPt at the end of aging. In contrast, MEAs with 

a Pt/TiO2/C anode maintained a cathode ECSA of 

40±2 m2/gPt after 3200 SUSD cycles, with Pt/CHL MEAs 

having fallen below this value already after 400 SUSD 

cycles, resulting in an 8-fold increased durability by the 

use of the selective Pt/TiO2/C anodes. This unexpect-

edly high lifetime prolongation is most likely the result of 

effects that are not considered in the kinetic model but 

might affect the SUSD currents when using a TiO2 sup-
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ported catalyst. As described in the experimental sec-

tion, the use of a 5 cm2 active area cell hardware meant 

that the SUSD front residence time was limited to only 

0.02 s in order to maintain a sharp potential jump. At 

these extremely short intervals, additional mass 

transport resistances due to the TiOx-encapsulation (see 

fig. 3) might have significantly reduced the SUSD cur-

rents.  

 

Figure 8. CVs of the cathode catalyst layers after different 

numbers of SUSD cycles with a) Pt/CHL, b) Pt/CLL, and c) 

Pt/TiO2/C anodes, respectively; recorded between 

0.07-1.00 VRHE at a scan rate of 20 mV/s at 40 °C, using a con-

stant flow of 5 nccm dry N2 in the cathode compartment and 

500 nccm fully humidified 5% H2 in N2 in the anode compart-

ment. 

Additionally, it has been shown that on Pt adsorbed hy-

drogen atoms reversibly spill over onto the TiO2 sup-

port.41, 47 This might lead to two pseudo-capacitive ef-

fects when the front residence times are extremely short: 

A) spilled over hydrogen might migrate back to the Pt 

particles once H2 is replaced by air, whereby ORR and 

HOR can take place at the same time in the same sec-

tion of the cell; B) when air is replaced by H2, adsorbed 

hydrogen might in parts spill over to the TiO2 support, 

thereby reducing it while HOR supplies the current at the 

same time. Both of these effects would prevent the re-

verse-current decay mechanism because oxidation and 

reduction take place at the same electrode section. 

However, since the reverse-current mechanism is a con-

tinuous process that occurs as long as the anode is par-

tially filled with hydrogen and air,4 such capacitive effects 

of a TiO2 support will most likely not be transferrable to 

large active area cells where the front residence times 

are much larger. Because these effects would not lead 

to an external current and we were not able to prolong 

the front residence times in our setup, it was unfortu-

nately not possible to test the hypothesis of pseudo-ca-

pacitive effects. 

 

Figure 9. Cathode ECSA vs number of SUSD cycles depend-

ent on the used anode electrode, evaluated from the averaged 

Hupd charge from CVs with a limited potential window of 

0.07-0.55 VRHE recorded at a scan rate of 20 mV/s at 40 °C, us-

ing a constant flow of 5 nccm dry N2 in the cathode compart-

ment and 500 nccm fully humidified 5% H2 in N2 in the anode 

compartment. 

As expected from the ECSA degradation, the perfor-

mance in the H2/air polarization curves decayed quickly 

for Pt/CHL with an additional loss of 180±35 mV at 

2 A/cmMEA
2 after 3200 SUSD cycles (fig. 10a). Carbon 

corrosion lead to a thinning of the cathode from initially 

≈8.6±0.3 µm (see fig. 3) to 8.0±0.5 µm (inset in fig. 10a) 

that also lead to a gradual increase in HFR with pro-

gressing SUSD cycling (fig. 10d). MEAs with a Pt/CLL an-

ode started with essentially the same performance as 

MEAs with a higher loaded anode but lost only 62±3 mV 

at 2 A/cmMEA
2 in agreement with the better ECSA reten-

tion. Although a thinning of the cathode could not be ob-

served within the measurement errors (8.6±0.6 µm after 

3200 cycles), the HFR increased slightly (fig. 10e), which 

would indicate cathode thinning. Additionally, a Pt band 

had formed in the membrane (indicated by the bright line  
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Figure 10. Differential flow H2/air (2000/5000 nccm) performance and the corresponding HFR values after different SUSD degra-

dation stages of MEAs with Pt/CHL (a&d), Pt/CLL (b&e), and Pt/TiO2/C (c&f) anodes; the insets show the SEM image of a MEA cross 

section after 3200 SUSD cycles. All measurements were recorded at 80 °C, 170 kPaabs, and 90% RH for MEAs with a cathode 

loading of 0.4 mgPt/cmMEA
2. 

in the SEM inset in fig. 10b), where dissolvedPt from the 

cathode catalyst redeposited after being reduced by 

crossover H2 from the anode side.48 This loss of Pt was 

most likely responsible for a significant fraction of the 

ECSA degradation, especially when a low activity anode 

(Pt/CLL or Pt/TiO2/C) was used. The Pt band formation 

and a lack of electrode thinning (8.6±0.2 µm, inset in 

fig. 10c) was also observed with a Pt/TiO2/C anode. Here, 

the HFR remained constant during the SUSD study 

(fig. 10f), thus confirming the mitigation of carbon corro-

sion on the cathode. Again, the previously discussed 

dissolution of TiO2 affected the H2/air polarization curves, 

whereby MEAs with Pt/TiO2/C suffered the aforemen-

tioned ≈35 mV performance penalty at beginning of test 

with a cell potential of 583±1 mV at 2 A/cmMEA
2 com-

pared to 615±1 mV for Pt/CLL. After 3200 SUSD cycles, 

the MEAs lost another 38±5 mV at 2 A/cmMEA
2. This loss 

can (in part) be attributed to the ECSA loss of the cath-

ode and to a combination of anode degradation and fur-

ther TiO2 dissolution that led to additional overpotentials 

of ≈16 mV in the H2/H2 polarization curves compared to 

an increase of only ≈5 mV for Pt/CLL. In summary, the 

cathode degradation seemed to be exclusively a func-

tion of the anode ORR activity when using a Pt/C anode, 

while the Pt/TiO2/C catalyst seemingly lost its selectivity 

for the HOR but still mitigated SUSD degradation, most 

likely due to pseudo-capacitive effects. 

Conclusions 

In this study, we presented an HOR selective anode cat-

alyst for mitigation of SUSD induced cathode degrada-

tion based on a SMSI between Pt and TiO2 that resulted 

in an encapsulation of the Pt nanoparticles by a thin ti-

tanium suboxide layer. In RDE experiments, this 

Pt/TiO2/C catalyst showed a ≈30-fold lower ORR activity 

compared to Pt/C when no ionomer was used, whereas 

the ORR activity was only ≈14-fold reduced when the 

catalysts were poisoned by ionomer due to the different 

accessibility of the Pt surface. In ultra-low loaded H2-

pump measurements, Pt/TiO2/C exhibited a 2-fold lower 

HOR activity compared to Pt/C that can be explained by 

the difference in ECSA. However, when the ORR activity 

of the anode was measured in an MEA setup, Pt/TiO2/C 

showed essentially the same performance as a Pt/C 

electrode with a 3-times lower loading (Pt/CLL). The 

higher selectivity of the catalyst that was expected from 

RDE experiments could therefore not be confirmed in an 

MEA. 

The BoT performance of MEAs with Pt/TiO2/C anodes 

showed additional voltage losses of ≈35 mV at 
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2A/cmMEA
2 in oxygen polarization curves and when the 

cell was polarized in H2/H2 atmosphere. These losses 

could not be attributed to kinetic HOR overpotentials ac-

cording to the H2-pump measurements, but rather a 

TiO2+ contamination due to TiO2 dissolution that led to a 

pH gradient in the MEA under load. Accordingly, Ti was 

found to be distributed throughout membrane and cath-

ode catalyst layer by EDX mapping of cross sectioned 

MEAs after initial characterization. 

Finally, the degradation during SUSD events was inves-

tigated for MEAs with a regular Pt/C anode loading of 

≈45 µgPt/cmMEA
2 (Pt/CHL), the “selective” Pt/TiO2/C cata-

lyst and a lower loaded anode (≈15 µgPt/cmMEA
2, Pt/CLL) 

that had the same ORR activity as the Pt/TiO2/C catalyst. 

Surprisingly, the MEAs with Pt/TiO2/C showed an 8-fold 

reduced SUSD degradation compared Pt/CHL while the 

use of Pt/CLL increased the durability only by a factor of 

2 as expected for the reduced ORR activity according to 

the kinetic model. Interestingly, the significant advantage 

of a Pt/TiO2/C anode agrees well with the difference in 

selectivity observed from RDE measurements but the 

questions remain, why a reduced ORR activity could not 

be reproduced in an MEA and whether the proposed 

pseudo-capacitive effects are the true origin of the im-

proved durability. 
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Appendix 

 

Appendix-A. PEIS measurements of the cathode electrode 

recorded at 0.2 V showing the effect of TiO2+ contamination on 

the proton sheet resistance in MEAs with a Pt/TiO2/C anode 

(purple line). While Pt/CHL (green line) and Pt/CLL (orange line) 

show the expected 45° line, an additional semicircle appeared 

for the Pt/TiO2/C containing MEAs, leading to an apparently 

higher proton sheet resistance. Measurements recorded at  

90% RH, 80 °C and 270 kPaabs gas pressure both for hydrogen 

and nitrogen on anode and cathode respectively. Re(Z) was 

shifted by the zero intercept of the x-axis to allow for an easier 

comparison between the measurements. 
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3.3. PEMFC Cathode Durability Aspects

3.3.2. Correlation Between Voltage Cycling-Induced Cathode

Degradation and H2/Air Performance Losses

This section presents the manuscript ”Universal Correlation between Cathode Rough-

ness Factor and H2/Air Performance Losses in Voltage Cycling-based Accelerated

Stress Tests” that was published in April 2022 in the Journal of The Electrochemi-

cal Society.53 It is an open access article published under the terms of the Creative

Commons Attribution 4.0 License (CC BY). The permanent web-link to the article is

https://doi.org/10.1149/1945-7111/ac67b8.

The loss of cathode ECSA during load cycling remains a major durability issue for

PEMFCs.41,123 The cathode durability is therefore often studied by using voltage

cycling based ASTs that simulate load cycles during PEMFC operation. Thus, the

mechanisms and accelerating factors for the voltage cycling induced Pt ECSA losses

are well understood,50,159,185–192 but to date, only a small fraction of studies has

additionally investigated the various voltage loss terms during aging, whereby it is

mostly found that harsher aging conditions lead to lower Pt ECSAs and higher H2/air

performance losses.51,52,193

In this study, the degradation of low-loaded cathodes (0.1mgPt cm
–2
MEA, resulting in

rf values in cm2
Pt cm

–2
MEA that are equal to the ECSA of the catalyst in m2 g–1Pt) is

investigated by voltage cycling based ASTs in H2/N2 (anode/cathode) configuration,

whereby the upper potential limit (UPL, 0.85– 1.0V) and the hold time (1, 2, and 8 s)

of the square wave voltage cycling profiles are varied. A full voltage loss analysis is per-

formed over the course of cycling (three times per decade of cycles, over up to 500,000

cycles), determining: i) the rf via CO-stripping; ii) the H2-crossover; iii) the cathode

electrode’s proton conduction resistance; iv) the H2/O2 and H2/air performance; and

v) the O2-transport resistance. Similar to other studies, we find that aging protocols

with higher UPL and longer hold times induce higher cathode ECSA or rf losses per

cycle, resulting in faster H2/air performance degradation. Interestingly, after a mostly

AST-independent ECSA or rf loss in the first 100 cycles, a linear trend of the ECSA

or rf loss is observed when plotting it vs the logarithm of either the number of cycles

or the time at UPL. This linearity can be used to predict the ECSA or rf loss after

extended cycling by an extrapolation of the trend line.
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3. Published Work

When investigating the individual voltage loss contributions that govern the H2/air

performance, it is observed that the H2-crossover, the HFR, and the proton conduc-

tion resistance remain unchanged over the course of aging, while the ORR mass and

specific activity as well as the O2-transport resistances correlate exclusively with the

cathode rf (independent of the investigated UPLs and hold times). As expected, the

ORR mass activity decreases with decreasing cathode rf, while the specific activity

increases due to the particle size effect. The pressure-independent O2-transport resis-

tance (RPI
O2

) is shown to be strongly affected by the local O2-transport resistance that

scales with rf–1 (see eq. 2.6), whereas the pressure-dependent O2-transport resistance

(RPD
O2

) remains unchanged over the course of the ASTs. For all measurements, an rf of

≈ 10 cm2
Pt cm

–2
MEA proves to be a critical value, below which a reliable determination

of the ORR mass activity and the oxygen mass transport resistances is no longer possi-

ble. In summary, the individual voltage losses are found to be either unaffected by the

aging (H2-crossover and proton conduction resistance) or to depend exclusively on the

cathode rf (mass/specific activity and O2 transport resistances), independent of the

AST procedure. This results in a universal correlation between H2/air performance

and rf over the course of voltage cycling based ASTs.

The combination of the linear cathode rf loss behavior and the AST protocol inde-

pendent correlation between H2/air performance and rf implies that data acquired

using a harsh cycling protocol (i.e., conducted with an UPL of 0.95 – 1.0V) can be

used to predict the H2/air performance losses over a large number of voltage cycles

under application-relevant conditions (i.e., UPLs of < 0.9V).
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The loss of electrochemically active surface area (ECSA) in the cathode during load cycling remains a major durability issue for
proton exchange membrane fuel cells (PEMFCs). Here, the degradation of low-loaded cathodes (0.1 −mg cmPt MEA

2 ) was investigated
by accelerated stress tests (ASTs) in H2/N2 configuration, varying the upper potential limit (UPL, 0.85–1.0 V) and the hold time (1,
2, or 8 s) of the square wave voltage cycling profiles. A full voltage loss analysis was performed at beginning-of-life and after 100,
300, 1 k, 2 k, 5 k, 10 k, 20 k, 50 k, 100 k, 200 k, and 500 k cycles, determining: (i) the roughness factor (rf) via CO-stripping; (ii)
the H2-crossover; (iii) the cathode electrode’s proton conduction resistance; (iv) the H2/O2 and H2/air performance; and, (v) the O2

transport resistance. It was found that the ECSA/rf deteriorates linearly vs the logarithm of the number of cycles or time at UPL,
with higher slopes for harsher ASTs. The individual voltage losses were found to be either unaffected by the aging (H2-crossover
and proton conduction resistance) or depend exclusively on the cathode rf (mass/specific activity and O2 transport resistances),
independent of the AST procedure. This results in a universal correlation between H2/air performance and rf during voltage cycling
ASTs.
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The durability of the cathode catalyst layer remains a major
challenge for the wide spread application of proton exchange mem-
brane fuel cells (PEMFCs). The U.S. Department of Energy (DoE) set
lifetime targets of at least 5,000 h for light-duty vehicles (LDV) and
30,000 h for heavy-duty vehicles (HDV) under drive cycle operation.1

Hereby, many factors affect the durability of the membrane electrode
assembly (MEA), namely cell reversal events that cause anode
degradation, mechanical and chemical degradation of membrane and
ionomer, corrosion of the carbon support of the cathode catalyst during
start-up/shut-down or local hydrogen starvation events, and finally the
loss of electrochemically active surface area (ECSA) of platinum in the
cathode as a result of load cycling.2–7 While many of these mechanisms
can be mitigated to a significant degree by PEMFC system design,
which has led to substantial improvements of PEMFC durability, the
lifetime prediction based on accelerated stress tests (ASTs) remains
challenging, particularly for the long lifetimes required for HDVs. In
this study, we will therefore focus on the analysis of ASTs that mimic
the Pt ECSA loss in the cathode electrode due to load cycling.

In order to simulate load cycling between relevant operation points,
current research focuses on the development of appropriate voltage
cycling (VC) based ASTs.8–10 In general, load variations between low
and high load, corresponding to high and low cathode potentials,
respectively, cause repetitive surface oxidation and reduction of the Pt
nanoparticles. This results in Pt dissolution and subsequent redeposi-
tion, which leads to a loss of electrochemically accessible platinum
surface area due to both Pt nanoparticle growth via Ostwald ripening
and platinum loss into the membrane phase that leads to the so-called
Pt-band formation.4,11,12 Due to their higher surface energies, the Pt
dissolution/redeposition processes are more pronounced for smaller Pt
nanoparticles, which therefore are more susceptible to Pt ECSA loss
during load cycling.4,12,13 Beside the effect of particle size, some
studies highlight the importance of the interparticle distance for the
various particle growth and migration phenomena, whereby an
increase in interparticle distance (via, e.g., lowering the Pt loading
on a given carbon support) enhances Pt dissolution phenomena, while
a decrease in interparticle distance (via, e.g., increasing the Pt loading

of the carbon support) will in contrast promote Pt nanoparticle
agglomeration and coalescence.14,15 It has further been shown that
the overall loss of active Pt surface area is not homogenous across the
thickness of the electrode: in the part of the electrode that is closest to
the membrane, a depletion of Pt due to Pt loss into the membrane
phase occurs, whereas in the part of the electrode that is closest to the
gas diffusion layer (GDL), the platinum particle growth is the
predominant cause of the Pt ECSA loss.4 More recently, similar
observations have also been made by Kneer et al.16 The concomitant Pt
ECSA loss during MEA aging by voltage cycling ASTs leads to severe
H2/air performance losses. At low current densities (<500

−mA cmMEA
2 ), the induced voltage losses are mainly due to a loss in

the activity of the platinum catalyst towards the oxygen reduction
reaction (ORR), while in the middle and high current density region,
additional O2 mass transport resistances dominate the induced voltage
losses. Here, the reduced roughness factor (rf), i.e., the reduced
electrochemically active Pt surface area per geometric electrode area
(in units of −cm cmPt

2
MEA

2 ), implies that higher local O2 and proton
fluxes are required to sustain the ORR at a given geometric current
density. These transport resistances, also known as Pt-specific or local
O2 mass transport resistances (RO

local
2

), have been reported to be
especially pronounced for low-loaded cathodes, as they are predomi-
nantly inversely proportional to the rf.17–19

To evaluate the performance and ECSA losses during load cycle
operation, the impact of different VC profiles on the degradation rate
has been studied both in half-cell configuration with aqueous
acidic electrolytes2,20–22 and in membrane electrode assemblies
(MEAs).2,8,10,16,23,24 Despite the existence of standardized proce-
dures, quantifying catalyst degradation with VC-based rotating disk
electrode (RDE) experiments has proven challenging, as among 20
studies employing the same DoE protocol, the ORR mass activity
retention was anywhere between 0 and 85% of the respective
beginning-of-life (BoL) value.22 Focusing on voltage cycling
ASTs conducted in the PEM fuel cell environment, a variety of
different voltage cycling profiles has been used in the literature,
which complicates determining the reproducibility between different
degradation studies. Still, when similar protocols are used with
carbon supported Pt catalysts (Pt/C) with a comparable BoL ECSA,
as it is the case in the studies of Stariha et al.25 and Padgett et al.23

for a ≈20 wt.% Pt catalyst supported on Vulcan carbon (Pt/V;
TEC10V20E from Tanaka), or for analogous studies on Pt/C andzE-mail: bjoern.stuehmeier@tum.de
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Pt-alloy/C catalysts with an ECSA of ≈45 −m g ,2
Pt

1 26–28 the ECSA
losses are reasonably comparable. Due to extensive research in
recent years, the impact of gas composition (i.e., H2/N2 or H2/air on
anode/cathode), scan rate, hold time, temperature, relative humidity
(RH), and the upper potential limit (UPL) on the ECSA degradation
during VC-ASTs is well understood. Hereby, higher temperatures,
high RH-values and high UPLs clearly accelerate ECSA loss,
whereas the cathode gas composition does not affect the degradation
rate.8–10,16,24,29,30 Slower scan rates in case of triangular wave (TW,
cyclic voltammetry based) profiles and longer hold times in case of
square wave (SW, chronoamperometry based) profiles were shown
to enhance the Pt ECSA loss per cycle but reduce the Pt ECSA loss
per time, indicating that the number of cycles is a stronger stressor
than the time at UPL.8,31 Examining the impact of different voltage
profiles, Harzer et al. found that mostly the UPL and the vertex hold
times were responsible for the ECSA losses, whereby the degrada-
tion using a trapezoidal wave (TW-H, combination of linear scan
and vertex holds) or a SW profile was essentially identical and much
harsher compared to a TW profile.10 In a similar study by Kneer
et al., it was furthermore shown by asymmetric SW profiles that the
hold time at UPL has a much more degrading effect than the hold
time at the lower potential limit (LPL).24 The role of the carbon
support of the catalyst is an ongoing debate, whereby significant
stability improvements for a porous carbon support have been shown
in a study by Padgett et al.,23 whereas Stariha et al.25 did not find
any significant differences between carbon supports. Finally,
Ramaswamy et al.27 showed that Pt particles originally placed
within the nanopores of a porous carbon support become increas-
ingly accessible upon voltage cycling.

While the mechanisms and accelerating factors for the Pt ECSA
loss are well understood, only a small fraction of studies focusing on
voltage cycling AST protocols additionally incorporate measure-
ments for the determination of the various voltage loss terms during
aging.8,10,28 In fact, most of the published works concentrate on
monitoring the ECSA by cyclic voltammetry (CV) or CO-stripping
during the AST, while only comparing the air performance, catalyst
activity and/or mass transport resistances at the end-of-life
(EoL).9,23,27–29,31 It is generally found that higher ECSA losses,
i.e. harsher aging conditions, correlate with increased voltage losses
from a reduced mass activity and increased oxygen mass transport
resistances, while the specific activity increases due to particle
growth.8–10,23,27–29,31 However, in order to use voltage cycling ASTs
for reliable lifetime predictions, a direct correlation of the Pt ECSA
and the H2/air performance losses for a given catalyst/MEA type,
independent of the specific voltage cycling conditions, would be
desired.

In this study, the development of the Pt ECSA and the individual
voltage loss contributions was studied for 5 cm2 MEAs with a
commercial Pt/Vulcan catalyst using SW-based ASTs with different
hold times and UPLs in order to find a suitable degradation model.
For this, the ECSA was determined by CO-stripping, the ORR mass
and specific activity were extracted from H2/O2 polarization curves,
the O2 mass transport resistances were calculated from limiting
current measurements, and the proton conduction resistance in the
cathode catalyst layer (CCL) was determined by electrochemical
impedance spectroscopy (EIS). The development of these voltage
losses is compared for all aging procedures at similar degrees of rf-
losses. Based on the findings for the individual voltage loss
contributions, a universal correlation between rf and the H2/air
performance of the cell will be shown. Finally, we will propose a
new combined AST protocol for efficient lifetime prediction of
VC-induced degradation based on the H2/air performance targets.

Experimental

Experimental details about the setup and measurement proce-
dures can be found in previous publications,10,32–35 but for reader’s
convenience, the most relevant information is summarized here.

Fuel cell hardware and MEA preparation.—All measurements
were performed on a customized G60 test station (Greenlight
Innovation Corp., USA) equipped with a potentiostat (Reference3000,
Gamry, UK), using a 5 cm2 active area single-cell hardware with
graphite flow fields (7 parallel channels, one serpentine, 0.5 mm lands/
channels; manufactured by Poco Graphite, Entegris GmbH, USA,
according to our design33). Gas diffusion layers (GDLs, H14C10,
Freudenberg KG, Germany) with a thickness of 170 ± 5 μm were
compressed by 14 ± 1% by means of quasi-incompressible, PTFE-
coated fiberglass gaskets (Fiberflon, Fiberflon GmbH & Co. KG,
Germany). The cells were assembled at a torque of 12 Nm resulting in a
GDL compression of ≈1.5 MPa on the active area (for details see
Simon et al.34).

MEAs were prepared by the decal transfer method: The catalyst
inks were prepared by mixing a commercial 19.8 wt.% Pt/V
(TEC10V20E, Tanaka, Japan) catalyst, 1-propanol, and a water-
based ionomer dispersion (700 EW, Asahi Kasei, Japan) in a 15 ml
HDPE bottle containing 25.5 g of 5 mm ZrO2 grinding balls. The
carbon content of the dispersion was adjusted to 30 −mg mLc ink

1 and

the ionomer to carbon mass ratio (I/C) was set to 0.65 −gg .I C
1 The

inks were mixed on a roller mill at 60 rpm for 18 h at 25 °C before
being coated onto virgin PTFE foils with a 130 μm Mayer rod using
an automated coater (K Control Coater, RK PrintCoat Instruments
Ltd., England). Symmetrical MEAs were prepared by hot-pressing
two 5 cm2 decals at 155 °C for 3 min onto a 15 μm thick reinforced
membrane (low EW, mitigated GORE-SELECT®, W. L. Gore &
Associates GmbH, Germany). To minimize the deviation in the
cathode loading between measurements, the electrodes were as-
signed to the cathode (0.103 ± 0.005 −mg cmPt MEA

2 ) and the anode

electrode (0.10 ± 0.01 −mg cmPt MEA
2 ) after the respective loadings

were determined. The thickness of the cathodes was ≈7.5 μm
according to scanning electron microscopy (SEM) images of MEA
cross-sections (see Fig. A·1).

Voltage cycling procedure and MEA characterization measure-
ments.—The experimental testing procedure is summarized in the
scheme shown in Fig. 1. The measurement procedure was optimized
to minimize the amount of gas composition changes, unintended
voltage cycles, and required N2 purges. Unless otherwise specified,
the cell was kept at 95% RH at all times to ensure operation close to
full humidification, while avoiding flooding of the cell with liquid
water. Furthermore, note that all pressures were measured and
controlled at the inlet of the fuel cell and are stated as absolute
pressures, and that potentials are given as cell potentials unless
specified otherwise.

All MEAs were conditioned prior to testing by 8 cycles of the
following voltage-controlled ramp-in procedure (H2/air flow rates of
1390/3320 nccm (anode/cathode), 80 °C, 100% RH, and 150 kPaabs):
0.6 V (45 min), open circuit voltage (OCV, 5 min), and 0.85 V
(10 min).

Cathode CVs were recorded between 0.07–1.00 V vs the
reversible hydrogen electrode reference potential (VRHE, corrected
by the Nernst shift of the counter electrode to a nominal hydrogen
partial pressure of 100 kPa), using a scan rate of 150 mV s−1 at
40 °C and 100 kPaabs. During the measurement, the anode was fed
with 200 nccm of fully humidified 5% H2/Ar, while the cathode was
flushed with a dry nitrogen flow of 200 nccm (reduced to 5 nccm
while recording CVs).

In order to determine the proton conduction resistance in the
cathode layer ( +RH ,cath in units of Ω cmMEA

2 ), three AC impedance
spectra were recorded in blocking conditions (1000/1000 nccm
H2/N2 flows at anode/cathode) at 80 °C, 95% RH, 270 kPaabs, and at
a potential of 0.2 V (peak-to-peak perturbation of 3.5 mV, 200 kHz
to 0.2 Hz, 20 points per decade). The AC impedance response of the
cathode electrode was then fitted to a transmission line model (using
constant phase elements, ionic conduction resistances, and assuming
negligible electrical resistances) in order to extract the proton
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conduction resistance of the cathode electrode, +RH , cath (for details
see Liu et al.);36–39 considering the cathode utilization, +RH , cath was
used to calculated the effective proton conduction resistance of the
cathode electrode, +R ,H , cath

eff from which the associated voltage losses
can be determined.40 The ohmic short of the membrane and the
H2-crossover were determined from measurements in H2/N2

(150/600 nccm) at 170 kPaabs, 80 °C, and 95% RH by sequentially
applying constant potentials of 0.3, 0.4, 0.5, 0.6 and 0.7 V for 2 min
each.

CO-stripping measurements were performed by adsorbing CO
(100 nccm flow of 10% CO in N2) for 3 min at 40 °C and 150 kPaabs,
while holding a constant cathode potential of 0.1 VRHE. After CO
adsorption, the cell was purged with high purity N2 (5.0) for ≈1 h to
remove residual CO from the cell and the gas lines. A CV was
recorded from the holding potential to 1.1 VRHE at a scan rate of 100
mV s−1 to oxidize the adsorbed CO. Afterwards, two subsequent
sweeps were recorded to ensure complete oxidation of CO from the
catalyst surface. The area between the first anodic scan and its
subsequent sweep was then used to determine the rf, using a specific
charge of 420 μ −C cm .Pt

2 For the CO-stripping measurements, the
anode was purged with 5% H2/Ar at 200 nccm.

After CO-stripping, anode CVs were recorded between 0.07–1.00
VRHE (anode potential) using a scan rate of 150 mV s−1 at 40 °C and
100 kPaabs. During the measurement, the anode was fed with a dry
nitrogen flow of 200 nccm (reduced to 5 nccm while recording CVs),
while the cathode was flushed with fully humidified 5% H2/Ar at
200 nccm. This step was implemented to ensure that crossover CO,
i.e., CO coming from the cathode side during the CO-stripping could

not accumulate on the anode catalyst surface, where it would poison
the hydrogen oxidation reaction (HOR) activity and might lead to
increasing overpotentials over the course of aging.

Prior to each set of polarization curves (see scheme in Fig. 1), a
MEA recovery step was introduced to recover reversible losses at the
cathode electrode. It consisted of a hold in H2/air (2000/5000 nccm)
at 0.3 V for 2 h at 40 °C and 270 kPaabs under fully humidified
conditions (100% RH). Afterwards, differential flow polarization
curves in H2/O2 and H2/air were carried out at 80 °C, 95% RH and
170 kPaabs with a flow rate of 2000/5000 nccm. The polarization
curves were recorded in current controlled mode from low to high
current densities up to 2.5 −A cmMEA

2 To ensure reduction of Pt-
oxides, the potential was held at 0.75 V for 15 min before each
polarization curve. Stabilization of the resulting cell voltage was
received by holding each current density point constant for 5 min
and averaging the data points over the final 30 s. Afterwards,
galvanostatic electrochemical impedance spectroscopy (GEIS) mea-
surements were performed in the frequency range from 100 kHz to
10 Hz (amplitude adjusted to 10% of the applied current with a
minimum of 20 −mA cmMEA

2 ) to extract the high frequency resistance
(HFR) from the x-axis intersect in the Nyquist plot. HFR and

+RH , cath (i.e., its effective contribution +RH , cath
eff ) were used to correct

the cell voltage in H2/O2 polarization curves for ohmic resistances
and, additionally, the current density was corrected for the mem-
brane short and H2-crossover currents to obtain kinetic data (mass
activity, specific activity, Tafel slope).

The total O2 mass transport resistance (RO
total

2
) was obtained from

limiting current measurements at 80 °C and 95% RH under
differential flow conditions using 2000 nccm H2 and 5000 nccm of
O2/N2 mixtures on the anode and cathode, respectively. For each dry
O2 mole fraction of 2, 4, 7 and 11% O2 in N2, the cell potential was
varied between 0.4 V and 0.05 V in steps of 0.05 V to determine the
mass transport limited current densities (for details see Simon
et al.34). To deconvolute RO

total
2

into a pressure dependent (RO
PD

2
) and

a pressure independent (RO
PI

2
) part according to Baker et al.,41 limiting

current measurements were conducted at 170, 270, and 400 kPaabs.
Voltage cycling induced aging was performed at 80 °C, 95% RH,

100 kPaabs, and H2/N2 flows of 200/75 nccm on anode/cathode. The
SW voltage cycling ASTs were controlled by the Reference3000
potentiostat, whereby the potential step was completed in less than
0.1 s. The lower potential limit (LPL) was kept at 0.6 V, while the
upper potential limit (UPL) was varied between 0.85 and 1.0 V,
using hold times of 1, 2, or 8 s at each vertex potential. Here, the
UPL of 1.0 V (at 8 s hold) was selected as comparison to the study of
Harzer et al.,10 while an UPL of 0.95 V resembles the open-circuit-
voltage under H2/air operation that was chosen as UPL in the studies
by Kneer et al.9,16,24 Finally, an UPL of 0.85 V was suggested by
Ahluwalia et al. as a realistic value for load cycling in automotive
applications.42 The employed voltage cycling profiles and the end-
of-life cycle numbers (EoL CN) are summarized in Table I. For each
AST condition, two MEAs were prepared and evaluated; the
measured MEA properties (H2/air performance, ORR activities,
etc.) are represented as average of these two measurements and
the error bars represent the min/max values.

Post-mortem MEA analysis.—Scanning electron microscopy
(SEM) images of ion-milled MEA cross-sections were taken for
fresh as well as aged MEAs. In order to compare the cathode catalyst
layer thickness before and after aging, the pristine MEA was
subjected to the above mentioned conditioning step (confer Fig. 1)
to ensure a more realistic comparability and to exclude any effects of
cell assembly on the catalyst layer thickness. Prior to the ion-milling
step, the GDL was peeled off and the 3-layer MEAs were fixated on
adhesive Cu tape. Cross-sections were then prepared in an IB-19520
cryo cross-section polisher (JEOL Ltd., Japan) at −80 °C, using a
multiple step polishing procedure with a first 3 h rough polishing
(6.0 kV, 10/10 s on/off), followed by a 2 h fine polishing (4.0 kV,

Figure 1. Scheme of the experimental procedure for the voltage cycling
based MEA ASTs, whereby a full characterization was performed after each
of the listed cycle numbers.
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5/10 on/off). For thickness determination, SEM micrographs of the
polished cross-sections were taken on a FE-SEM JSM 7500F (JEOL
Ltd. Japan) in the secondary electron mode at 1 kV acceleration
voltage and with a magnification of 2500× at 3 arbitrarily chosen
locations for each cross-sectioned MEA. The thickness of the
electrode was determined by integration of the electrode area with
ImageJ (version 1.53 k) and dividing by the length of the image. In
order to get more insights into the distribution of platinum across the
MEA before and after voltage cycling based ASTs, SEM images
were also taken in backscattering mode at 15 kV acceleration voltage
and a magnification of 2500× at the same position as the ones used
in the secondary electron mode.

Results and Discussion

ECSA determination.—During voltage cycling based ASTs with
Pt based catalysts, the ECSA is known to decrease substantially
depending on the aging procedure. This effect can be seen
exemplarily in Fig. 2a, which shows the cathode CVs of an MEA
exposed to SW-aging between 0.6 and 1.0 V (see Table I). At BoL
(black line), the characteristic Pt/C features of the hydrogen under-
potential deposition (Hupd, region below 0.4 VRHE) and of the Pt
oxidation/reduction (starting above 0.75 VRHE) are clearly visible.
Over the course of cycling, the features decrease substantially due to
a decrease in the cathode roughness factor (rf), resulting from the
aforementioned Pt dissolution/redeposition mechanism. After 10,000
cycles between 0.6 and 1.0 V and with a hold time of 8 s (further on
referred to as “1.00 V–8s”), the characteristic platinum features are
no longer visible (orange line in Fig. 2a). Instead, the double layer
capacity of the carbon support is observed, exhibiting the character-
istic hydroquinone/quinone feature at ≈0.6 VRHE.

43 The fact that
this feature does not grow indicates that carbon corrosion does not
play a significant role when using a SW cycling protocol up to 1.0 V,
which agrees with the findings of Harzer et al.10

While the ECSA can be obtained from the Hupd region, an
increasing contribution of hydrogen evolution currents, that are
mostly controlled thermodynamically at potentials near 0 VRHE

44

and thus will not be affected by the aging induced degradation
mechanism,45 will lead to increasing errors in the quantification
of the ECSA by Hupd with decreasing cathode rf values.46 Thus,
CO-stripping is often used especially for the characterization of low-
loaded or aged electrodes.45,47 Representative CO-stripping voltam-
mograms are given in Fig. 2b after subtraction of the second scan as
baseline. As the second scan exhibits Hupd features in the potential
region below 0.4 VRHE, the subtracted CO-stripping voltammograms
would show negative currents in this region and thus, only data
above 0.6 VRHE are shown. Similar to the Hupd feature development,
the CO oxidation peak decreases with increasing cycle number. The
integration of the CO oxidation peaks is shown in Figs. 2c and 2d for
the pristine and aged (10,000 cycles) cathode, respectively. When
comparing the CO oxidation peak (see Fig. 2d) with the Hupd

features (orange line in Fig. 2a) for the same aged cathode, the

advantage of the CO-stripping method becomes obvious: even for a
catalyst exhibiting very low rf values that does not show distinguish-
able Hupd features anymore, the CO oxidation peak is still distinct
and clearly visible, which allows for a reliable rf determination.
However, it was observed that the CO-stripping current, i.e., the
difference between first and second scan, did not return to zero after
the CO-strip but remained fairly constant at ≈0.2–0.3 −mA cmMEA

2

(see Fig. 2d). This offset was observed in all cases and could also be
reproduced for a pristine MEA without introducing CO, i.e., after the
respective potential hold at 0.1 VRHE for 1 h in pure N2 (5.0 purity),
which means that it is most likely a partially irreversible oxidation of
the carbon support rather than a CO oxidation current. While this
offset does not have a significant effect on the ECSA determination
at BoL (see Fig. 2c), the contribution of this current is significant
after extended aging (see Fig. 2d). Therefore, the integration was
conducted with a linear baseline between 0.6 and 1.0 VRHE even
after having subtracted the subsequent scan as a first baseline (see
gray areas in Figs. 2c and 2d).

Since a reliable determination of the ECSA for cathodes with very
low rf values by the Hupd method is no longer possible and since CO-
stripping generally yields slightly higher ECSAs than Hupd,

48 the
ECSA results are solely determined by CO-stripping measurements
throughout this study.

ECSA development over the course of VC-ASTs.—The devel-
opment of the ECSA normalized to the initial BoL ECSA (ECSABoL)

Figure 2. (a) CVs of the cathode after various cycles of aging during a SW
based AST between 0.6 and 1.0 V with 8 s dwell time at each potential
(further on referred to as 1.00 V–8s). CVs were measured at a scan rate of
150 mV s−1 from 0.07 to 1.00 VRHE at ambient pressure and 40 °C under
fully humidified conditions (see Experimental section). (b) Representative
CO stripping voltammograms after subtraction of the subsequent anodic
sweep for pristine and aged cathodes shown in the voltage range of 0.6-1.1
VRHE to exclude negative currents due to subtracted Hupd features from the
second scan. In addition, the zoomed in CO-stripping voltammograms are
shown: (c) at BoL and (d) at EoL. CO-stripping voltammograms were
recorded at 100 mV s−1 up to 1.1 VRHE at 150 kPabs, 40 °C, and 95% RH
with 200 nccm 5% H2/Ar and 5 nccm N2 on anode and cathode, respectively.
CO was adsorbed by introducing 10% CO/N2 (100 nccm flow) for 3 min,
followed by a N2 purge for 1 h, while maintaining a constant cell potential of
0.1 VRHE at all times.

Table I. Characteristic parameters of the square wave (SW) profiles
used for the voltage cycling based MEA ASTs that were performed at
100 kPaabs, 80 °C, 95% RH, and H2/N2 flows of 200/75 nccm (anode/
cathode). For all procedures, the lower potential limit (LPL) was kept
constant at 0.6 V, while the upper potential limit (UPL), the hold time
at each potential, and the end-of-life cycle number (EoL CN) were
varied.

AST procedure LPL [V] UPL [V] hold time [s] EoL CN [#]

1.00 V−8s 0.6 1.0 8 10 k
0.95 V−1s 0.6 0.95 1 50 k
0.85 V–8s 0.6 0.85 8 50 k
0.85 V−2s 0.6 0.85 2 100 k
0.85 V−1s 0.6 0.85 1 500 k

Journal of The Electrochemical Society, 2022 169 044528



for the different aging protocols (see Table I) vs the number of
cycles (CN) or vs the time at the upper potential limit (UPL) is
shown in Figs. 3a and 3b, respectively. As expected from previous
studies, a higher UPL and longer hold times accelerate the ECSA
loss per cycle (Fig. 3a), whereby the mildest aging protocol
(0.85 V–1s, violet hexagon symbols) leads to the highest ECSA
retention after 10,000 cycles, whereas the harshest aging protocol
(1.00 V–8s, orange squares) shows the most pronounced decline in
ECSA, reaching less than 5% of the initial ECSA after 10,000 cycles.
When comparing the degradation after 10,000 cycles to other studies
by Stariha et al.25 and Padgett et al.23 that used the same ≈20 wt.%
Pt/V catalyst and an UPL of 0.95 V, their ECSA loss of ≈50% and
≈65%, respectively, was slightly lower than the ECSA loss of ≈75%
found in our study (red triangle at 10,000 cycles in Fig. 3a). These
discrepancies are most likely the result of slightly different protocols
and setups. A degradation caused by the excessive characterization
procedure in this study can be excluded on the basis of reference
measurements that yielded the exact same ECSA after 10,000 cycles
when the extensive MEA characterization steps were only performed
at BoL and after 10,000 cycles (data not shown).

Interestingly, very similar values of 82 ± 2% normalized ECSA
were observed after a settle-in phase in the first 100 cycles for all
aging procedures with an UPL below 1 V (see Table II); only the
harshest procedure with an UPL of 1.00 V and a hold time of 8 s
showed a significantly lower normalized ECSA of 74 ± 1% after 100
cycles. An initial ECSA decay independent on the used aging
condition has already been observed by Harzer et al., although
they did not explicitly comment on it.10 However, for the same Pt/V
catalyst that is used here, they showed that the pristine Pt/V catalyst
contained a significant fraction of sub-1.5 nm diameter Pt particles.
Thus, when considering the reported particle size effects,12,49,50 it

seems likely that these smallest Pt particles would be sufficiently
instable, so that within the first 100 cycles they are likely to dissolve
even under relatively mild cycling conditions, leading to the here
observed initial ECSA losses.

Another universal behavior is the linear ECSA decay after 100
cycles in all cases when plotting the normalized ECSA (i.e.,
ECSA/ECSABoL) against the logarithm of the cycle number (CN),
a behavior which has already been observed previously.13 This
linearity differs strongly from the 1st order decay rate that was found
in earlier studies by Debe et al.51 and Bi et al.52,53 for VC-ASTs with
an UPL of 1.2 VRHE and resulted in a linear behavior when plotting
the logarithm of the normalized ECSA against the CN. Based on
these works, Kneer and Wagner proposed a modified 1st order
kinetic rate model for VC-ASTs with lower UPLs but in most cases,
the model underestimated the ECSA loss up to ≈50% of the BoL
ECSA and overestimated the ECSA loss thereafter,9 thus indicating
that the model does not accurately describe the ECSA degradation at
limited UPLs (⩽1.0 VRHE). The most likely explanation of these
different ECSA loss behaviors is the different origins of the Pt ECSA
losses with carbon corrosion and Pt detachment/migration/coales-
cence being the dominating degradation mechanisms when using an
UPL of 1.2 VRHE, whereas Pt dissolution/redeposition dominates at
limited UPLs (⩽1.0 VRHE).

4,6,13 Only below a normalized ECSA of
≈12.5% (horizontal red dashed line in Fig. 3) that corresponds to a rf
of ≈10 −cm cmPt

2
MEA

2 (the reasoning for this specific value will be
discussed in detail later), a deviation from the linear behavior is
observed. This apparent stabilization of very small ECSA values
after extended cycling has been discussed to be due to a thermo-
dynamic stabilization of larger Pt particles.10 This observed linear
trend can be used to determine a phenomenological normalized
ECSA-loss rate constant (kECSA-loss) that is an empirical measure of

Figure 3. Loss of normalized cathode ECSA (i.e., ECSA/ECSABoL) plotted either vs: (a) the number of cycles, or (b) the time at the upper potential limit (UPL).
The initial BoL value of the ECSA for all cathodes is ECSABoL = 75.2 ± 0.6 −m g ,2

Pt
1 corresponding to rf values of 79.0 ± 4.4 −cm cmPt

2
MEA

2 at Pt cathode loadings
of 0.103 ± 0.005 −mg cm .Pt MEA

2 The horizontal red dashed line at 12.5% normalized ECSA (corresponding to a rf of ≈10 −cm cmPt
2

MEA
2 ) marks the lower limit that

was used for the linear fits the normalized ECSA vs. the logarithm of the cycle number (see Eq. 1 and Table II). The gray shaded area marks the ECSA values
after 10,000 cycles.
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how harsh an aging protocol is (Eq. 1).

/ = /
− · ( ) [ ]‐

ECSA ECSA ECSA ECSA
k log CN 1ECSA

BoL 100CN BoL

loss

For the ECSA data obtained from the different AST protocols
shown in Fig. 3a, the kECSA-loss values obtained from linear
regression fits of the normalized ECSA data obtained between
100 cycles (ECSA100CN/ECSABoL) and the number of cycles up to
which the normalized ECSA values remain above 12.5% are given in
Table II. The slopes gradually increase with longer hold times from
1 to 8 s and with higher UPLs from 0.85 to 1.0 V, thereby
confirming the Pt ECSA trends that were observed in previous
voltage cycling studies.8–10

The assumption that Pt dissolution/redeposition is the dominating
aging mechanism for voltage cycling ASTs with an UPL of ⩽1.0
VRHE is confirmed by post-mortem analysis of MEA cross-sections
via scanning electron microscopy (SEM) in backscattered mode (see
Fig. 4). While Pt is distributed homogeneously throughout the
cathode catalyst layer at BoL (see Fig. 4a), a pronounced anisotropy
of the Pt distribution across the cathode catalyst layer (depicted on
top of the images in Fig. 4) is observed after voltage-cycling. For the
severely degraded cathode after 10,000 cycles of the 1.00 V–8s AST
protocol (see Fig. 4b), a pronounced Pt band can be seen at the
membrane-electrode interface, whereas the electrode is completely
depleted of Pt close to the membrane. According to Zhang et al.,54

the position of the Pt band is governed by the partial pressures of H2

and O2 in anode and cathode compartment, respectively, and since
the O2 partial pressure is 0 kPa during voltage cycling in H2/N2

configuration, the Pt band position is expected to be directly at the
electrode-membrane interface. According to Ferreira et al.,4 the
observed depletion of Pt adjacent to the membrane with Pt being
maintained next to the GDL is a clear indication for a dominating Pt
dissolution/redeposition mechanism. On the other hand, others
reported that Pt coalescence would contribute to the overall ECSA
losses even when the UPL is limited to ⩽1.0 VRHE.

23 While we
believe that the latter mechanism might be a significant factor in the
Pt particle growth-dominated region (close to the cathode/GDL
interface), the origin of the Pt depletion next to the membrane must
be caused by Pt dissolution and loss into the membrane phase. For
the less severe aging protocols with an UPL of 0.85 VRHE and hold
times of 8 s (Fig. 4c) or 1 s (Fig. 4d), a similar but less pronounced
trend of Pt band formation and Pt depletion adjacent to the
membrane is observed at EoL, in accordance with the less severe
ECSA degradation at EoL for these protocols. Within the measure-
ment accuracy, the initial cathode catalyst layer thickness was
maintained after the ASTs (see Table III), which confirms that
carbon corrosion did not contribute significantly to the cathode
degradation.

As mentioned previously, the hold time at the UPL has been
reported to affect the degradation differently, depending on whether
it is looked at as a function of CN or the time at UPL (tUPL). In
Fig. 3b, the normalized ECSA is shown over the logarithm of the
time at UPL, whereby the time at UPL is the product of CN and hold
time (thold). Due to the nature of the logarithmic scale, this results in
a right-shift of all data points by the factor log(thold) and the

kECSA-loss values representing the slope in % dec−1 (Table II) remain
the same (Eq. 2).

( ) = ( · ) = ( ) + ( ) [ ]t tlog log CN log t log CN 2UPL hold hold

Still, this representation allows for some interesting conclusions.
First, the normalized ECSA of the harshest protocol (1.00 V–8s,
orange squares in Fig. 3b) is higher than that for the fast cycling to a
lower potential of 0.95 V (0.95 V–1s, red triangles) in the whole
linear region, which indicates that for a given tUPL value, a few long
OCV periods are less detrimental than many short high/low-load
cycles. The same holds true when the UPL is the same, as can be
seen for the AST data with UPL = 0.85 V: for the same tUPL value, a
few cycles with long hold times (8 s, blue circles) induce
significantly lower ECSA loss compared to more cycles with shorter
hold times of 2 s (green diamonds) or 1 s (pink hexagons). This
indicates that the number of cycles is a stronger trigger for
degradation than the total time at UPL. However, due to the higher
slope for longer hold periods, there is a crossover point at which the
ECSA degradation is the same for different hold times. In this case,
the crossover point occurred after ≈500,000 cycles with ≈25%
ECSA remaining, i.e., at a point that would be considered past EoL.

The effect of the hold time at the same UPL can be examined by
the data taken for the same UPL of 0.85 V but for different hold
times (see Fig. 3b). Assuming that the anodic and the cathodic
potential steps lead to a transient dissolution of platinum, as
suggested by rotating ring disk electrode measurements55,56 and by
online mass spectrometry,57 one would expect that the thold-averaged
amount of dissolved platinum would decrease with increasing thold,
so that the ECSA loss vs thold should decrease with increasing time at

Table II. Least-squares regression parameters for the relationship between the normalized ECSA (ECSA/ECSABoL) and the logarithm of the
number of cycles (see Eq. 1) for the different voltage cycling ASTs shown in Fig. 3a. The normalized ECSA data were fitted between their
normalized value at 100 cycles (ECSA100CN/ECSABoL) and all the measured ECSA/ECSABoL values that were higher than 12.5% (i.e., above the
horizontal red dashed line in Fig. 3a). The resulting parameter fits of the ECSA100CN/ECSABoL values and of the slopes ( −kECSA loss) are given below.

UPL of the VC-AST 1.0 V 0.95 V
0.85 V

hold time at UPL 8 s 1 s 8 s 2 s 1 s

ECSA100CN/ECSABoL [%] 74.6 ± 1.2 82.3 ± 0.7 80.7 ± 1.1 80.9 ± 1.0 84.3 ± 0.4
kECSA-loss [% dec−1] 40.3 ± 2.3 28.8 ± 0.5 19.9 ± 0.4 16.7 ± 0.1 16.2 ± 0.1

Figure 4. Post mortem SEM cross-section images of MEAs after (a) BoL
characterization as well as after voltage cycling ASTs using the (b)
1.00 V–8s, (c) 0.85 V–8s, or (d) 0.85 V–1s protocols. Images were taken
by SEM at a magnification of 2500× in electron back-scattering mode. The
cathode catalyst layer of the MEA is shown in each image at the top; the
white scale bar at the bottom of each image represents 10 μm.
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UPL. This would explain why the ECSA loss vs time at UPL is lower
for the 0.85 V–8s compared to the 0.85 V–2s AST (see Fig. 3b). It is
inconsistent, however, with the observation that the ECSA loss vs
time at UPL is essentially identical for the 0.85 V–2s and the
0.85 V–1s AST data (see Fig. 3b). One possible explanation might
be that at very short hold times the typically significant platinum loss
into the membrane/ionomer phase during voltage cycling4,52 is
reduced due to an insufficient mobility of dissolved platinum ions
in the ionomer phase, thereby reducing the platinum loss into the
membrane/ionomer phase per cycle. Whether this is the case could
be determined by estimating the diffusion length (x) of dissolved
platinum ions in the ionomer phase of the cathode electrode over the
hold time (via x ≈ (DPt, eff ∙ thold)

0.5), but this requires that the
effective diffusion coefficient of platinum ions in the membrane/
ionomer phase (DPt, eff) be known. Unfortunately, the DPt, eff values
in the ionomer phase of the catalyst layer that are used in voltage
cycling models vary widely (from 1∙10−6 cm2 s−158 to 1.5∙10−9 cm2

s−153), and to our knowledge only two actual measurements exist for
the platinum diffusion coefficient in Nafion® membranes (DPt) at
25 °C: ≈4∙10−7 cm2 s−159(determined by online mass spectrometry)
and ≈1.4∙10−8 cm2 s−1 (measured for (PtCl6)

2− ions60). In order to
obtain the DPt, eff values in the ionomer phase of the catalyst layer at
80 °C, these DPt values must be multiplied by the typical ionomer
volume fraction in the electrode (εionomer ≈ 0.24) and the ≈5-fold
increase for ionic diffusion coefficients in a Nafion® membrane
between 25 and 80 °C (measured for Co2+ and Ce3+61).
Coincidentally, both corrections cancel each other, so that the
measured membrane DPt values at 25 °C and the estimated DPt, eff

values in the catalyst layer at 80 °C turn out to be numerically
identical, i.e., DPt, eff ≈ (1.4–40)∙10−8 cm2 s−1. For this range, the x
values for thold = 1 s would range between ≈1.2–6 μm, which is less
than the cathode electrode thickness (≈7.5 μm, see Table III),
making it plausible that the loss of platinum into the membrane/
ionomer phase per cycle could be reduced for such short hold times,
which in turn could explain the observed reduced ECSA losses per
cycle and the similar ECSA losses per time at UPL for very short
thold values. According to the post mortem analysis of cross-
sectioned MEAs by SEM, the fraction of Pt lost into the mem-
brane/ionomer phase and the depletion of platinum in the cathode
electrode in the vicinity of the membrane (appearing as dark region
in in Figs. 4c and 4d) seems to be essentially the same for hold times
of 8 and 1 s, indicating that the hold time does not significantly
affect the degradation mechanism when comparing two MEAs with
similar remaining ECSA values.

Finally, it should be noted that most studies take the ECSA loss
during voltage cycling ASTs as primary parameter to describe the
aging of the cathode electrode and the associated fuel performance
degradation. In order to allow for an easier comparison with the
literature, this convention has been adopted in the preceding section

as well. Here, the ECSA is generally obtained by quantifying the
cathode roughness factor (in −cm cmPt

2
MEA

2 ), namely by Hupd or CO-
stripping measurements that are then normalized by the initial Pt
loading of the cathode electrode (in −mg cmPt MEA

2 ). Here, the term
“ECSA,” i.e., the mass normalized Pt surface area of a catalyst, is
usually associated with specific property of a catalyst, reflecting its
platinum particle size distribution. However, as voltage cycling
progresses, platinum in the cathode electrode is increasingly lost into
the membrane/ionomer phase4,52 (illustrated, e.g., by the Pt-band
formation in the membrane, see Fig. 4b), resulting both in a loss of
platinum from the electrode into the membrane/ionomer phase and
in a variation of the platinum concentration (see Fig. 4) and the Pt
particle size across the cathode electrode thickness,4 so that the
nominally calculated “ECSA” does not anymore represent a catalyst-
specific property, i.e., an ECSA of 50 −gm2

Pt
1 after aging describes a

completely different situation with regards to the platinum catalyst
than the same ECSA value for a pristine catalyst taken at BoL. In
contrast, the rf value (i.e., the active Pt area per geometric area) is
associated with the properties of the catalyst layer rather than the
catalyst that comprises the catalyst layer, and thus remains an
accurate representation of the state of the MEA (i.e., represents a
direct measurement). Since the rf avoids the false impression of an
underlying average particle size that would be associated with the
ECSA, the rf will be used as the main state-of-health descriptor in the
following parts of our study.

Qualitative assessment of voltage losses in H2/air polarization
curves.—H2/air polarization curves of pristine and aged catalysts
after 10,000 cycles are shown in Fig. 5. As expected, more severely
degraded MEAs, i.„e, MEAs with larger normalized ECSA losses
(see gray area in Fig. 3a for reference), showed higher performance
losses compared to the BoL performance (black squares). An
exception to this trend is the essentially identical performance of
the MEAs subjected to the 0.85 V–8s AST (blue circles) and to the
0.85 V–2s AST (green diamonds). This, unfortunately, is the result
of a slightly below average BoL performance of the MEAs that had
been used for the 0.85 V–2 s measurement series (≈25 mV at the
highest current density; confer right-most green diamonds in
Fig. 12), resulting in a H2/air performance after 10,000 cycles that
is the same as that of the MEAs subjected to the harsher 0.85 V–8s
AST that experienced a higher ECSA loss. The most severe
differences can be observed in the high current density region,
where increasing oxygen mass transport overpotentials directly
correlate with the decrease in the normalized ECSA (see Fig. 3a)
and thus the roughness factor. For the most degraded catalyst with a
rf of only ≈3 −cm cmPt

2
MEA

2 (1.00 V–8s, orange squares in Fig. 5), this
results in a maximum current density of only 500 −mA cmMEA

2 before
the cell potential goes below the specified cutoff of 0.2 V. In contrast
to the mass transport penalties at low rf values, ORR kinetic
overpotentials should have a minor contribution to the overall
voltage losses due to the logarithmic nature of the Tafel kinetics,
where a 90% rf-loss is required for an overpotential increase by
≈70 mV.62,63 Indeed, for an ECSA or rf loss of ≈53% (0.85 V–2s,
green diamonds), the potential at 500 −mA cmMEA

2 decreased by less
than 10 mV, which is less than the ≈20 mV one would expect based
on simple Tafel kinetics with a constant exchange current density,
and thus already hints at an increase of the ORR specific activity that
has been observed in previous studies.10,23,64

For all MEAs, HFR values of 26–33 Ω −m cmMEA
2 were obtained at

BoL and stayed constant for an individual MEA over aging
(Fig. 5b). Similarly, the H2-crossover current density stayed constant
at ≈5–6 −mA cmMEA

2 for all MEAs during aging, except for a
decrease to ≈2–3 −mA cmMEA

2 at extremely low rf values
(<10 −cm cmPt

2
MEA

2 ). The origin of this decrease is unknown as
measurements in H2/N2 configuration cannot replicate the H2–O2

recombination effect of a Pt-band in the membrane that might cause

Table III. Averaged cathode catalyst layer thicknesses for MEAs
after conditioning (BoL) or after a given number of AST cycles (CN)
with different UPLs values (0.85 V or 1.00 V) and hold times (1 or 8
s). These ASTs represent the most harsh (1.00 V–8s) and least harsh
aging protocols (0.85 V–8/1s) and the MEAs from these ASTs were
therefore chosen for further investigation using SEM imaging. The
averaged cathode electrode thickness values were calculated by
dividing the integrated electrode area by the length of the SEM cross-
section images taken in the secondary electron mode (confer
Fig. A·1); the error bars represent the standard deviation of the thus
obtained thicknesses from at least three images taken at arbitrarily
chosen positions on the same cross-sectioned MEA.

MEA history CN [#] Cathode thickness [μm]

BoL 0 7.2 ± 0.5
1.00 V−8s AST 10 k 7.5 ± 0.3
0.85 V−8s AST 50 k 7.5 ± 0.4
0.85 V−1s AST 500 k 7.2 ± 0.4
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a reduced H2-crossover during H2/air operation and the HOR
activity of the cathode should be sufficiently high for H2-crossover
measurements even at these low rf values.47 Considering the
constant HFR values and the very low H2-crossover currents, a
significant degradation of the membrane over the course of the ASTs
can be excluded.

Finally, the proton conduction resistance of the cathode electrode
( +RH ,cath) remained rather constant for the MEAs subjected to
different aging protocols over the course of aging (≈20–
25 Ωm cm ;MEA

2 see Fig. 6), i.e., did not vary significantly despite
the large changes in ECSA or rf (see Fig. 3). Therefore, ionomer
degradation induced changes in the proton conduction pathway that
have been shown to result in reversible and irreversible voltage
losses after dry operation can be excluded as a major voltage loss
contribution.65

Overall, ohmic resistances were found to be unaffected by aging,
which leaves changes in the catalytic activity and increasing mass
transport resistances as the main causes for the deteriorating H2/air
performance. Both aspects will be discussed in detail below.

Dependence of the ORR activity losses on cathode rf.—To
evaluate the cathode activity, H2/O2 polarization curves were
recorded under differential flow conditions. The Tafel plots of the
HFR- and +RH , cath-corrected voltage against the logarithm of the
specific current density that was corrected by the H2-crossover
(iH2-cross) and the ohmic short current (ishort) are shown in Fig. 7 for
the pristine and for the most severely degraded MEAs of each AST
protocol with a final rf >10 −cm cmPt

2
MEA

2 (Fig. 7a) or with a final rf

<10 −cm cmPt
2

MEA
2 (Fig. 7b). This distinction is made based on the

empirically found linear relationship between the normalized ECSA
(or the rf) and the logarithm of the cycle number that holds until the
rf decreases to below ≈10 −cm cmPt

2
MEA

2 (see horizontal red dashed
line in Fig. 3a); this limit seems to mark a change in the degradation
behavior and, furthermore, below this limit a characterization of the
MEA with regard to specific surface area (see Fig. 2) and limiting
current measurements (shown later in Fig. 9) becomes challenging
and error prone.

Overall, a similar development can be seen for all cycling
procedures when comparing the Tafel plots at BoL (black squares,
averaged over all MEAs) to that of the aged MEAs (procedure and
respective CN given in the legend of Fig. 7a). As long as the rf
remains above 10 −cm cmPt

2
MEA

2 (Fig. 7a), a constant Tafel slope of
75 ± 3 mV dec−1 was found, similar to previously reported values
for the same catalyst and setup;10,66 it is slightly higher than the
70 mV dec−1 that correspond to a cathodic transfer coefficient of
αc = 1 for the ORR (gray line for reference) and that has often been
assumed for carbon supported Pt catalysts.63,67 Over the course of
aging, the Tafel curves gradually shift towards higher potentials
(only the (near-)EoL curves are depicted for clarity), indicating an
increase in specific activity with decreasing rf, i.e., with increasing
Pt particle size. However, at current densities higher than ≈0.1

−A cmPt
2 (only reached for rf < 25 −cm cmPt

2
MEA

2 for the maximum
current density of 2.5 −A cmMEA

2 ), the curves start to deviate from the
initial Tafel slope, leading to additional overpotentials. Similar
deviations from the expected Tafel kinetics at low rf values have
been reported by other researchers for pristine68,69 and aged
electrodes10 alike. The origin of these losses at high specific current
densities are still debated, but the proposed causes include a limited
dissolution of oxygen into the ionomer phase, an intrinsically high
transport resistance of the thin ionomer phase covering the Pt
nanoparticles, a limited effective ionomer surface, or a decrease of
the ORR kinetics at low cathode potentials.19,48,70–74

An even more pronounced deviation from the ≈70 mV dec−1

Tafel slope is observed for aged MEAs with ultra-low rf values of
< 10 −cm cmPt

2
MEA

2 (Fig. 7b). Already in the low specific current
density range, i.e., up to 0.03 −A cm ,Pt

2 a much higher Tafel slope of
≈120 mV dec−1 was found. This apparent increase in Tafel slope
has previously been ascribed to a shift in the rate determining step of
the ORR, leading to an increase in Tafel slope from 70 mV dec−1

(αc = 1) to 140 mV dec−1 (αc = 0.5).74,75 However, this increase
had been hypothesized to be due to a potential dependent change in
the surface coverage of Pt with oxygen-containing species,74,75

which clearly cannot explain the higher Tafel slopes at potentials

Figure 5. (a) Differential flow H2/air (2000/5000 nccm) polarization curves
at 170 kPaabs, 80 °C, and 95% RH of MEAs with 0.103 ± 0.05 −mg cmPt MEA

2

cathode loadings at BoL (black symbols) and after 10,000 aging cycles (for
respective ECSA losses see gray highlighted area in Fig. 3a); (b) corre-
sponding high frequency resistance (HFR) values. After 10,000 cycles, the
error bars represent the mean absolute deviation of two independent
measurements, while the BoL data are averaged over all 10 MEAs and
error bars represent the standard deviation.

Figure 6. Variation of the proton conduction resistance ( +RH cath, ) of the
cathode electrode as a function of rf over the course of the various voltage
cycling ASTs (see Table I), determined from transition line model fits of AC
impedance spectra that were recorded in H2/N2 (150/600 nccm) configura-
tion at 270 kPaabs, 80 °C, and 95% RH. Error bars represent the mean
absolute deviation between two independent measurements.
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above 0.75 V (i.e., between 0.005-0.030 −A cmPt
2 in Fig. 7b). It has

also been suggested that higher Tafel slopes might be the result of
additional local proton conduction resistances in the vicinity of the
Pt nanoparticles, which would not be captured by through-plane
proton conduction resistance measurements (i.e., by the thus
determined +RH , cath value).76 While a ≈50 mV dec−1 increase in
Tafel slope (i.e., from ≈70 to ≈120 mV dec−1) is quite severe, it
should be noted that in a Pt dissolution/redeposition degradation
mechanism, where reversible Pt dissolution/redeposition concurs

with irreversible Pt loss into the membrane, it may be possible that
the last remaining large Pt particles in the cathode electrode (at
extremely low rf) could be poorly contacted by the proton
conducting ionomer, which would also lead to an additional voltage
loss that is not captured by the commonly used diagnostics.

For all electrodes shown in Fig. 7, very large deviations from the
≈70 mV dec−1 Tafel slope are observed at specific current densities
above ≈0.10 −A cmPt

2 (Fig. 7a) or already above ≈0.03 −A cmPt
2 in

case of very low roughness factors (Fig. 7b), with apparent Tafel
slopes of several hundreds of mV dec−1. This cannot be explained
by a change in the reaction mechanism alone anymore, and is most
likely the result of a Pt-specific oxygen mass transport resistance.
Although oxygen mass transport in the gas phase can be neglected
for the here shown measurements with pure O2, additional local O2

transport resistances at the Pt/ionomer interface have widely been
reported in the literature.17,19,48,71 These local O2 transport resis-
tances that are inversely proportional to the rf value will be
discussed in detail in the next section.

To determine the kinetic ORR activity, a linear regression
performed in the current range between 50–500 −mA cmMEA

2 for rf
values >10 −cm cmPt

2
MEA

2 (see Fig. 7a) or 50 −mA cmMEA
2 −

50 −mA cmPt
2 for rf values <10 −cm cmPt

2
MEA

2 (see Fig. 7b) was used
to extrapolate the current density to 0.9 V. Hereby, the lower current
density limit was chosen to ensure a ten-fold higher ORR than the
H2-crossover current, while the upper limit was chosen to ensure an
accurate representation of the first Tafel slope. The obtained current
densities normalized to the Pt mass then yield the ORR mass
activities (i0.9V

mass in −A g ;Pt
1 normalized to the initial Pt mass in the

cathode catalyst layer) or, when normalized to the roughness factor,
yield the specific ORR activities (i ,0.9V

spec in −mA cmPt
2). Both are

summarized in Fig. 8 as a function of rf; the gray shaded area
indicates rf values below 10 −cm cm ,Pt

2
MEA

2 where only semi-quanti-
tative values for rf and the ORR activity can be obtained due to large
errors in the ECSA evaluation (see Fig. 2) and in the extrapolation to
0.9 V. The BoL ORR mass activities of ≈170–200 −A gPt

1 (left-most
points in Fig. 8a) and specific activities of ≈0.24 −mA cmPt

2 (left-
most points in Fig. 8b) are essentially identical with those reported in
a recent voltage cycling study by Padgett et al.23 for the same
catalyst (TEC10V20E from Tanaka), but are ≈30% higher than
previously reported by our group (115–135 −A gPt

1).10 Over the
course of voltage cycling, the mass activity gradually decreased
down to ≈27 −A gPt

1 for the lowest rf value of ≈3 −cm cm .Pt
2

MEA
2

Although a decrease in ORR mass activity with decreasing available
Pt surface area is expected,64 it clearly is not directly proportional to
rf. After the first 100 aging cycles, an i0.9V

mass loss of ≈10% compared
to BoL is observed (see second points from the left in Fig. 8a),
although the ECSA losses and thus the rf losses range between
≈15%–25% (see Table II). This is related to an increase in Pt
particle size upon voltage cycling, whereby the higher specific
activity of larger Pt particles partially compensates for the lower
rf.63,64,77 After these first 100 cycles, the mass activity observed in
this study agrees reasonably well with the activity observed by
Harzer et al. after the same rf loss (140–160 −A gPt

1), indicating that
their BoL values were the result of an incomplete activation, as they
observed a gain in i0.9V

mass in the first 100 cycles.
Over the course of the cycling ASTs, all mass activity curves

follow the same trend and show a ≈10-fold reduced mass activity at
the lowest measured rf values. Again, Padgett et al.23 reported
similar results for i0.9V

mass after voltage cycling between 0.6 and 0.95 V
using trapezoidal voltage profiles (hold time of 2.5 s and ramp time
of 0.5 s), with a remaining mass activity of ≈70 −A gPt

1 at 24 ± 2%
ECSA retention (EoL) compared to ≈85 −A gPt

1 at 20 −cm cmPt
2

MEA
2

(≈25% ECSA retention) obtained in this study. This comparability
of different aging procedures (trapezoidal vs square wave profiles,
and variations in hold time and UPL) used by different groups with

Figure 7. Tafel plot representation of HFR- and +RH cath, -corrected potential
vs specific current density of differential flow H2/O2 (2000/5000 nccm)
polarization curves at 170 kPaabs, 80 °C, and 95% RH after different ASTs
(in the figure, the respective cycle numbers are given as indices for each AST
protocol). (a) Aged cathodes with rf >10 −cm cmPt

2
MEA

2 (corresponding to
either the H2/air performance at EoL or near EoL, i.e., above the horizontal
red dashed line in Fig. 3); (b) aged cathodes with rf <10 −cm cmPt

2
MEA

2

(corresponding to three data sets below the horizontal red dashed line in
Fig. 3). Error bars represent the mean absolute deviation between two
independent measurements (aged electrodes), or the standard deviation of all
MEAs (BoL). The black solid line with a slope of 70 mV dec−1 that very
closely describes the BoL performance serves as a guide-to-the-eye. Error
bars represent the mean absolute deviation between two independent
measurements.
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different setups, yielding similar mass activity values at the same rf
and ECSA loss for the same catalyst and catalyst loading, reveals that
voltage cycling ASTs under the specified conditions (e.g., UPL ⩽
1.0 V, no RH cycling) result in a similar aging mechanism. The
degradation rate can be enhanced with increasing UPL and hold
times, but it will reveal similar catalyst characteristics, i.e., essen-
tially identical ORR mass activities at same cathode rf, as shown in
Fig. 8a.

This conclusion is reinforced by comparing the specific ORR
activities for the employed ASTs as a function of cathode rf
(Fig. 8b). Overall, i0.9V

spec increases with decreasing rf, which is again
consistent with the increase in Pt particle size, as the initially
smaller nanoparticles have a large amount of less active edge and
corner sites compared to larger particles and thus exhibit lower
specific ORR activity.63,64,77 Again, the values obtained in this study
correlate well with other studies, where for a rf of ≈20 −cm cmPt

2
MEA

2

the here determined specific activity of ≈0.45 −mA cmPt
2 (see

Fig. 8b) compares well with those by Padgett et al.23 (≈0.37
−mA cmPt

2) and by Harzer et al.10 (≈0.43 −mA cmPt
2); the BoL values

here and in these other two studies are all at ≈0.2 −mA cm .Pt
2

However, it is surprising that all curves lie perfectly on top of
each other. While the same specific activity would be expected for Pt
particles of the same size, the rf loss is the combined result of Pt loss
into the membrane/ionomer phase and a Pt particle size increase due

to Oswald ripening. The fact that the same specific activity is
observed at identical rf values for vastly different aging procedures,
e.g., at ≈28 −cm cmPt

2
MEA

2 (corresponding to ≈35% normalized ECSA
in Fig. 3a) after 1,000 cycles for the 1.00 V–8s AST (orange squares
in Fig. 8b) and after 100,000 cycles for the 0.85 V–1s AST (violet
hexagon symbols), indicates that they result in the same Pt particle
size distribution and that therefore the fraction of Pt lost into the
membrane/ionomer phase must be essentially the same for the
different ASTs here examined (see Figs. 4c and 4d). Importantly,
this implies that the here used voltage cycling ASTs with limited
UPL (⩽1.0 V) and nearly full humidification (95% RH) accelerate
the exact same degradation mechanism, as long as other degradation
mechanisms like carbon support corrosion (relevant at UPLs above
1.0 V) and/or ionomer/membrane degradation (relevant at low RH)
do not play a significant role. As the different UPL values and the
hold times should cover reasonably well the transient voltage
profiles encountered in PEMFC applications (in the absence of
start-up/shut-down events), the very same degradation mechanism
would be expected for real applications.

Finally, it needs to be emphasized that the strong and sudden
increase in i0.9V

spec for very low rf values in Fig. 8b (see gray shaded
area) is, as discussed above, a likely artefact due to the above
discussed measurement uncertainties, so that the respective values
should be treated with caution.

Dependence of O2 transport resistances on cathode rf.—Based
on the established method from Baker et al.,41 the O2 transport
resistances were measured by limiting current measurements over
the course of the voltage cycling ASTs (see scheme in Fig. 1).
Exemplarily, Fig. 9a shows the limiting current densities (ilim) that
were recorded at 170 kPaabs for the same MEA at BoL (rf≈
80 −cm cm ,Pt

2
MEA

2
filled squares) as well as after 2,000 cycles (rf≈

15 −cm cm ,Pt
2

MEA
2 half-filled triangles) and 10,000 cycles (rf≈

3 −cm cm ,Pt
2

MEA
2 empty triangles) of the 1.00 V–8s AST procedure.

As expected, the limiting current density is nearly vertical for the
pristine MEA between 0.2 V and 0.1 V for all oxygen concentra-
tions, and up to 0.3 V for the lower O2 concentration of 2, 4, and 7%.
At 0.05 V, the limiting current density slightly increases due to
additional hydrogen evolution.48

With decreasing rf, the now lower currents start to deviate from
their potential independence at low potentials. To highlight this, a
close-up of the limiting current data for the aged cathode with a
remaining rf of only ≈3 −cm cmPt

2
MEA

2 is shown in Fig. 9b. Here, a
“Z-shape” form of current vs potential is clearly observed for all
oxygen concentration, with an apparent minimum value of the
currents at ≈0.15–0.2 V. This introduces an obvious ambiguity with
regard to the determination of the “correct” limiting current density.
Greszler et al. observed similar trends for the limiting current data of
a low-loaded MEA with a Pt/Vulcan cathode catalyst (0.03

−mg cmPt MEA
2 ), showing a decrease (“turn-back”) in limiting current

from 0.2 to 0.1 V, before increasing again below 0.1 V. They
attributed this to a transition from the typical four-electron oxygen
reduction (water formation) to a two-electron process (hydrogen
peroxide formation), which reduces the number of electrons per
oxygen molecule and therefore the mass transport limited current
density.48 This is consistent with rotating ring disk electrode
measurements by other researchers, who showed an increasing
formation of hydrogen peroxide at low potentials with a decrease
in ECSA (i.e., with decreasing rf).78,79 As this “Z-shape” intro-
duces large ambiguity in the determination of the limiting
current density, the maximum current density obtained at poten-
tials >0.1 V (to avoid effects from the hydrogen evolution
reaction) was taken in this study as the best possible approxima-
tion of the limiting current density. Therefore, the thus estimated
ilim value is clearly less than the true ilim value, which in turn
means that it will lead to an overestimation of the O2 transport
resistance (see below).

Figure 8. Variation of the ORR activity of the cathode catalyst determined
at 80 °C, 0.9 V, and 125 kPa O2 partial pressure over the course of voltage
cycling ASTs as a function of rf (the left-most values represent BoL): (a)
ORR mass activity (i V

mass
0.9 ) and (b) ORR specific activity (i V

spec
0.9 ). The ORR

activity data were extracted from HFR- and +RH cath, -corrected Tafel plots by
linear extrapolation to 0.9 V of the data between 50–500 −mA cmMEA

2 (for rf
>10 −cm cmPt

2
MEA

2 ) or between 50 −mA cmMEA
2 −50 −mA cmPt

2 (for rf
<10 −cm cmPt

2
MEA

2 The gray shaded area marks the data for which the rf
value and the ORR activity at 0.9 V could only be determined semi-
quantitatively. Error bars represent the mean absolute deviation between two
independent measurements.
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At each pressure, the total O2 transport resistance (RO
total

2
) was

then calculated from the determined/approximated limiting currents
(ilim) at each oxygen concentration (cO2) according to Eq. 3, where F
is the faradaic constant (96485 C mol−1);41

= [ ]R
F

i

4 c
3O

total O

lim
2

2

For low oxygen concentrations, the transport mechanism is
generally characterized by oxygen transport in the so-called “dry
region,”80 in which RO

total
2

vs the limiting current density is constant
and therefore independent of the oxygen concentration at any given
pressure. This independence of RO

total
2

vs ilim (and vs cO2) can be seen

in Fig. 10a for the BoL data with rf≈ 80 −cm cmPt
2

MEA
2 (solid

squares), marked by the horizontal lines for each pressure (the
corresponding ilim data at 170 kPaabs are shown in Fig. 9a). The same
is observed for the MEA after 2,000 cycles of the 1.00 V–8s voltage
cycling AST (rf≈15 −cm cm ;Pt

2
MEA

2 half-filled triangles). However,
after 10,000 cycles of the 1.00 V–8s AST (rf≈3 −cm cm ,Pt

2
MEA

2 empty

triangles), this independence of RO
total

2
on ilim is not anymore

observed, and the RO
total

2
data show a significant scatter. This must

be due to the above described issue that the true value of ilim cannot

be reliably determined at low rf values, so that the estimated RO
total

2

values only represent their uppermost limit.
According to Baker et al., the total O2 transport resistance can be

divided in a pressure-independent contribution (RO
PI

2
) and a pressure-

dependent contribution (RO
PD

2
) via a linear regression of RO

total
2

vs the
absolute pressure (see Fig. 10b).41 The pressure-independent O2

transport resistance consists of various contributions, namely
Knudsen diffusion in the small pores of the catalyst layer and the
microporous layer (MPL) as well as the so-called local O2 resistance
(RO

local
2

), which is a function of rf and that is often associated to
diffusion in the ionomer and liquid water phase.48,69,73,81 On the
other hand, the pressure-dependent transport resistance is mostly
associated with the molecular diffusion of O2 in the GDL and, in
part, in the MPL and in the catalyst layer. RO

PD
2
is therefore expected

to remain constant as long as the pore structure of GDL, MPL, and
catalyst layer are not affected, i.e., in the absence of conditions that
lead to a corrosion of the catalyst carbon support (or the MPL/GDL).
Since RO

PD
2
is characterized by the slope of RO

total
2

as a function of
pressure, the slope is expected to remain constant throughout the

Figure 9. (a) Limiting current measurement in the potential range between
0.40 V and 0.05 V using O2 concentrations of 2% (gray), 4% (orange), 7%
(green) and 11% (magenta) in N2 (on a dry gas basis) for a representative
cathode at BoL (≈80 −cm cm ,Pt

2
MEA

2
filled squares), after 2,000 cycles

(≈15 −cm cm ;Pt
2

MEA
2 half-filled triangles), and after 10,000 cycles

(≈3 −cm cm ,Pt
2

MEA
2 empty triangles) of the 1.00 V–8s voltage cycling AST.

(b) Zoomed-in view at low current densities for the data after 10,000 cycles
(≈3 −cm cmPt

2
MEA

2 ), showing a pronounced “Z-shape.” The measurements
were performed at 170 kPaabs, 80 °C, and 95% RH using 2000 nccm H2 and
5000 nccm (O2 in N2) on anode and cathode, respectively.

Figure 10. (a) Total O2 transport resistance (RO
total

2 ) vs limiting current
density (ilim) for a representative cathode at BoL (≈80 −cm cm ,Pt

2
MEA

2
filled

squares), after 2,000 cycles (≈15 −cm cm ;Pt
2

MEA
2 half-filled triangles), and after

10,000 cycles (≈3 −cm cm ,Pt
2

MEA
2 empty triangles) of the 1.00 V–8s voltage

cycling procedure (same as in Fig. 9), recorded at pressures of 170, 270, and
400 kPaabs with 2, 4, 7, and 11% O2 in N2 (dry gas basis). The measurements
were performed at 80 °C and 95% RH, and the horizontal lines show the
averaged values of RO

total
2 for the various conditions. (b) Plot of RO

total
2 of the

different cathodes as a function of pressure, used for the deconvolution of
RO

total
2 into a pressure-dependent (RO

PD
2 ) and a pressure-independent (RO

PI
2 )

term according to Baker et al.41
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aging, which is observed as long as RO
total

2
could be determined

reliably, i.e., for rf > 10 −cm cmPt
2

MEA
2 (see half-filled triangles and

solid squares in Fig. 10b). However, data for the MEAs with a lower
rf did not fit the linear model quite as good, and the slope is much
higher (empty triangles in Fig. 10b).

The obtained values for R ,O
total

2
R ,O

PI
2

and RO
PD

2
at 170 kPaabs vs

cathode rf over the course of the different voltage cycling ASTs are
summarized in Fig. 11. Quite strikingly, the values for the oxygen
transport related resistances do not depend on the aging procedure
but exclusively depend on the cathode rf, thereby again suggesting
that the different here examined voltage cycling ASTs apparently
induce the same degradation mechanism. Over the course of aging,
i.e., with decreasing cathode rf, the total oxygen transport resistance
increases (Fig. 11a), similar to the increase of RO

total
2

with decreasing
cathode catalyst loading (i.e., with decreasing cathode rf) that was
observed by Greszler et al.48 On the other hand, RO

PD
2
remains

essentially constant for all rf values of >10 −cm cmPt
2

MEA
2

(Fig. 11c), as would be expected under conditions where the
corrosion of the cathode catalyst carbon support is negligible (i.e.,
for UPL ⩽1.0 V); the apparent increase of RO

PD
2
at lower rf values

(data points in the gray shaded area in Fig. 11c) is, we believe,
caused be the large errors in the quantification of ilim (see Fig. 9b)
and rf (see Fig. 2) at very low rf values (further substantiated below).
An analogous increase of RO

PD
2
with decreasing cathode rf was also

observed in other voltage cycling AST studies10 as well as for
pristine MEAs that were prepared with different catalysts and/or
different catalyst loadings18 (i.e., with different BoL cathode rf).

Therefore, Fig. 11 shows that the increase in RO
total

2
with

decreasing cathode rf is mainly the result of an increasing RO
PI

2
(see

Fig. 11b), which in turn results from the rf-dependent contribution of
the so-called local O2 resistance (RO

local
2

).10,17,48 As mentioned

earlier, the contribution of RO
local

2
has been reported to be inversely

proportional to rf.48 It is therefore possible to disentangle the rf-
independent fraction of R ,O

PI
2

namely the Knudsen diffusion in
catalyst layer and MPL that would still be expected for a
hypothetical infinite cathode rf ( ∣ →∞RO

PI
rf2

), and RO
local

2
by fitting

RO
PI

2
to Eq. 4:

= ∣ + [ ]→∞R R
R

rf
4O

PI
O
PI

rf
O
local

2 2

2

A least-squares fit of all the measured RO
PI

2
data for a cathode rf of

>10 −cm cmPt
2

MEA
2 (i.e., excluding the data in the gray shaded area in

Fig. 11) is given by the black dashed line in Fig. 11b, whereby a rf-
independent fraction of ∣ →∞RO

PI
rf2

= 0.32 ± 0.01 s cm−1 and a local

oxygen transport resistance of RO
local

2
= 8.6 ± 0.2 s cm−1 were

obtained. This RO
local

2
value at 80 °C and 95% RH agrees reasonably

well with the local oxygen transport resistance of ≈12 s cm−1 that
was obtained at 80 °C and 62% RH by Greszler et al.,48 perhaps
suggesting a slight decrease of RO

local
2

with RH. According to the

above discussion, an average RO
PD

2
of 0.42 ± 0.02 s cm−1 (indicated

by the dashed black line in Fig. 11c) was obtained at 170 kPaabs for
all data points (excluding those in the gray shaded area). Taking all
of these observations into account, the pressure- and rf-dependence
of the total O2 transport resistance can be summarized by Eq. 5
(dashed line in Fig. 11a):

= + = + ∣ + [ ]→∞R R R R R
R

rf
5O

PD
O
PI

O
PD

O
PI

rfO
total O

local

2 2 2 2 2

2

Using the above determined values of R ,O
PD

2
∣ →∞R ,O

PI
rf2

and R ,O
local

2

the values of RO
total

2
vs rf calculated by Eq. 5 are shown by the black

dashed line in Fig. 11a. Even at values that were excluded from the
fits because the determination of ilim was deemed unreliable at rf
<10 −cm cmPt

2
MEA

2 (gray shaded area in Fig. 11), the RO
total

2
values

predicted by Eq. 5 represent the measured RO
total

2
values surprisingly

well. It can therefore be concluded that although the limiting current
measurements for severely degraded cathodes (i.e., cathodes with rf
<10 −cm cmPt

2
MEA

2 ) are prone to errors due to the increasing impact of
HER currents and a possible H2O2 reaction pathway, a reasonably
accurate experimental quantification of RO

total
2

seems to be still

possible but that a distinction between RO
PI

2
and RO

PD
2
is not.

Dependence of the H2/air performance on cathode.—As
discussed above, the H2/air performance deteriorates over the course
of a voltage cycling AST (see Fig. 5), owing to a combination of
decreasing Pt ECSA (see Fig. 3), decreasing ORR mass activity (see
Fig. 8a), and increasing oxygen transport resistance (see Fig. 11).

Figure 11. Variation of the O2 mass transport resistance at 170 kPaabs with
the cathode rf value over the course of the different voltage cycling ASTs: (a)
total O2 transport resistance (RO

total
2 ), (b) pressure-independent O2 transport

resistance (RO
PI

2 ), and (c) pressure-dependent O2 transport resistance (RO
PD

2 ).
The dashed black line in panel c corresponds to the averaged RO

PD
2 value of

0.42 ± 0.02 s cm−1 (excluding the data in the gray shaded area). The dashed
black line in panel b represents the fit of the RO

PI
2 data to Eq. 4 (excluding data

in the gray shaded area), yielding ∣ →∞RO
PI

rf2 = 0.32 ± 0.01 s cm−1 and RO
local

2
= 8.6 ± 0.2 s cm−1. The dashed black line in panel a is based on Eq. 5, using
the above determined values of R ,O

PD
2 ∣ →∞R ,O

PI
rf2 and RO

local
2 to calculate RO

total
2

vs cathode rf. The gray shaded area marks the rf region for which
the calculated O2 transport resistances are considered inaccurate due to the
undefined limiting current values (see Fig. 9b) and the higher errors in the
determination of the cathode rf values (see Fig. 2).
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Based on the pronounced correlation of all the investigated voltage
loss contributions with cathode rf (except for the HFR and the
cathode proton conduction resistance, which are unaffected by
voltage cycling), this section now aims to correlate the PEMFC
performance in H2/air with the cathode rf.

Figure 12 shows the measured H2/air cell voltages at different
geometric current densities as a function of rf, plotting the data
obtained over the course of all of the five examined voltage cycling
ASTs (see Table I). Overall, it can be seen for each current density
that the measured cell voltages match surprisingly well between the
different AST protocols (see Table IV), whereby the scatter between
the measurements is mostly the result of variations in the BoL
performance (see right-most data points in Fig. 12, with the largest
BoL performance deviation observed for the MEAs used for the 0.85
V–2s AST (green diamonds)). As discussed in the preceding
sections, ORR mass activities and oxygen mass transport resistances
solely depend on the cathode rf, so that also the kinetic and transport
induced overpotentials must be exclusive functions of the cathode rf.
Especially in the high current density region, the H2/air cell voltage
is most strongly affected by the oxygen mass transport resistance
that increases with decreasing cathode rf, as seen for the highest
current density (i.e., at 2.5 −A cm ;MEA

2 lowermost curve in Fig. 12),
where the H2/air cell voltage curve already starts to bend downwards
once the roughness factor has decreased to ≈55 −cm cmPt

2
MEA

2

(corresponding to an ECSA/rf loss of ≈30%). At a cathode rf of
≈30 −cm cm ,Pt

2
MEA

2 the average cell voltage loss at 2.5 −A cmMEA
2

compared to BoL already amounts to ≈100 mV (see last row in
Table IV). In contrast, at low current densities (e.g., 0.5 −A cm ;MEA

2

uppermost curves in Fig. 12), the performance losses are mostly
governed by ORR mass activity losses and the H2/air cell voltage
remains therefore rather constant up to low rf values, amounting to
only ≈10 mV at ≈30 −cm cmPt

2
MEA

2 (see second row in Table IV).
However, even at 0.5 −A cm ,MEA

2 substantial mass transport losses
become apparent below rf ≈ 30 −cm cm ,Pt

2
MEA

2 as indicated by the
sharp downturn of the cell voltage curve.

All in all, a surprisingly universal correlation between H2/air
performance and cathode rf was found for the five different voltage
cycling ASTs with upper potentials between 0.85 and 1.0 V and with
hold times of 1 to 8 s. This strongly suggests that the governing
aging mechanisms are the same under the here chosen conditions
(viz., Pt dissolution/redeposition), which however should represent
those in actual PEMFC systems in the absence of start-up/shut-down
events and ionomer degradation. Under these constraints (no start-
up/shut-down events and high RH to avoid chemical degradation of
the ionomer), this correlation should allow for the prediction of
voltage losses arising from load cycling.

Voltage cycling induced H2/air performance loss prediction
over large cycle numbers.—For the examined upper potential limits
(0.85–1.0 V) and hold times (1–8 s), the above analysis shows that
the cathode rf loss uniquely governs the loss in H2/air performance
(see Fig. 12). This can be used to project the voltage cycling induced
H2/air performance losses up to very large cycle numbers under
application-relevant conditions where the degradation is slow (e.g.,
low UPL values), considering the following two observations: (i)
The empirical correlation that the cathode rf (or ECSA) after the first
100 cycles decreases linearly with the logarithm of the cycle number
(until rf ≈ 10 −cm cm ;Pt

2
MEA

2 see Fig. 3a), so that the change of ECSA/
rf can be extrapolated over quite a large cycle number range; (ii) The
finding that the cathode rf loss can be accelerated by high UPL
values (but restricted to ⩽1.0 V in order to avoid carbon corrosion)
and by shorter hold times (down to 1 s) without affecting the H2/air
performance vs cathode rf correlation (see Fig. 12).

Based on these observations, we propose a novel approach to
predict the load cycling limited lifetime of MEAs based on two sets
of measurements, which is schematically depicted in Fig. 13. In
order to reduce the measurement time that would be required to
determine the voltage cycling induced degradation under applica-
tion-relevant operating conditions (i.e., UPL < 0.9 V), a voltage
cycling AST is first conducted under harsh cycling conditions (i.e.,
0.95–1.0 V UPL and 1 s hold time), thereby enabling a character-
ization of the full rf range down to low rf values within a low
number of cycles that require relatively little measurement time (see
step 1 in Fig. 13a). In a second set of measurements, an application-
relevant voltage cycling protocol (i.e., with a UPL of 0.85 V or
below) is employed to determine the characteristic cathode rf
degradation rate under application-relevant conditions (step 2 in
Fig. 13a). This procedure is performed within a limited experimental
time frame, whereby it is essential that the cathode rf degradation
rate after the initial procedure-independent settle-in phase (i.e., an
ECSA loss of ≈15%–20%, which with the here used Pt/Vulcan
catalyst occurs after the first 100 cycles) is determined with great
accuracy; subsequently, the voltage cycling procedure is continued
until a cathode rf loss of ≈40%–50% is obtained. In this case, the
cathode rf loss for a larger number of cycles can then be predicted by
linear extrapolation of cathode rf vs the logarithm of the cycle
number (step 3 in Fig. 13a), which has been observed to hold until
≈10%–15% of the initial cathode ECSA value (see Fig. 3). It should
be noted that the settle-in phase is greatly important for this analysis:
e.g., one could think of two (hypothetical) electrodes that have the
same characteristic slope and rf value after the initial settle-in phase,

Figure 12. Measured cell voltages in differential flow H2/air polarization
curves for various geometric current densities (0.5, 1.0, 1.5, 2.0, and
2.5 −A cmMEA

2 ) as a function of cathode rf over the course of the different voltage
cycling ASTs (see legend in the figure). The measurements were performed in
H2/air (2000/5000 nccm) at 170 kPaabs, 80 °C, and 95% RH (cell voltages for
rf< 10 −cm cmPt

2
MEA

2 are not shown). The BoL performance corresponds to the
right-most data point for each AST procedure, and error bars represent the mean
absolute deviation between two independent measurements.
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but in one case, this initial phase might require 10 times more cycles,
resulting in a right-shift of the blue curve in Fig. 13a by one order of
magnitude, and therefore in a 10-fold higher cycle number to reach a
cathode rf loss of ≈40%-50% (this will be shown in a future
publication).

The harsh AST experiment (purple symbols in Fig. 13a) should
provide a good estimate of the H2/air performance vs cathode rf
throughout the whole rf range (exemplarily shown in Fig. 13b for 1.0
and 2.0 −A cmMEA

2 ). This means that the expected rf for a defined EoL
performance, e.g., 0.5 V at 2.0 −A cmMEA

2 (pink shaded area in
Fig. 13b, step 4), can be extracted from the H2/air cell voltage (at
defined current densities) vs rf curve obtained for the harsh AST. In
the example given in Fig. 13, this target of 0.5 V at 2.0 −A cmMEA

2

would correspond to a final cathode rf of ≈27 −cm cmPt
2

MEA
2 (pink

area, step 5 in Fig. 13b). Finally, the projected number of cycles after
which the EoL criteria of 0.5 V at 2.0 −A cmMEA

2 would be expected
to be reached for the application-relevant (i.e., less harsh) voltage
cycling protocol is obtained by extrapolating the cathode rf
vs logarithm of the cycle number line to the same rf of
≈27 −cm cmPt

2
MEA

2 (crossing of the blue dashed line and the pink
area in Fig. 13a; step 6), which in this example would be ≈300,000
cycles. As mentioned above, this is only valid if all other degrada-
tion mechanisms can be considered negligible.

Expected behavior for different MEA types and different AST
conditions.—While this study did not investigate the dependence of
the performance degradation over the course of voltage cycling
ASTs conducted at different temperature, RH, lower potential limit,
cathode gas composition (N2 or air), or voltage cycle profiles, the
impact of these factors is generally well understood.8–10,65,82,83

Thus, it seems reasonable to assume that a linear behavior of the
cathode rf vs the logarithm of the cycle number and the observed
unique H2/air performance vs rf profile will be observed for other
voltage cycling AST protocols with the same cathode electrode as
long as the degradation is dominated by the platinum dissolution/
redeposition mechanism. This should be the case within the
following boundary conditions: (i) the UPL is low enough that the
carbon corrosion rate at the respective temperature is negligible over
the experiment duration;84,85 (ii) chemical degradation of the
ionomer/membrane that occurs during H2/air operation at low RH
is avoided; (iii) mechanical and thermal degradation of the ionomer/
membrane is prevented (limited number of RH cycles and operating
temperatures <150 °C);86 and (iv) absence of carbon support
corrosion due to start-up/shut-down or (local) H2 starvation
events.3,5,84–86 Within these restrictions, it should be possible to
determine accelerating factors for a wide range of voltage/load
cycling conditions by comparing the characteristic slopes for the
same BoL configuration, i.e., the same MEA composition (particu-
larly with respect to the cathode catalyst and the ionomer type/
content in the cathode electrode) and the same cell hardware.

Similarly, it should be possible to compare the degradation for
different cathode electrodes, (i.e., with regard to the carbon support
morphology of the catalyst, the Pt content and the Pt particle size
distribution of the catalyst, the ionomer type/content, the electrode
thickness, or the Pt loading) by employing the same set of voltage
cycling AST protocols. However, it should be noted that the
individual voltage loss contributions and therefore the H2/air
performance of an MEA depend strongly on the above listed cathode
electrode properties (as well as the membrane type/thickness), so
that one would expect to obtain different absolute values when
plotting the H2/air cell voltages at different geometric current
densities as a function of rf for different MEA types (e.g., a
Ketjenblack supported catalyst will have a higher ORR activity
but worse O2-transport properties compared to a Vulcan supported
catalyst with the same ECSA17). Still, the trend of a quickly decaying
cell voltage at high current densities compared to a mostly
maintained low current density performance with decreasing cathode
rf (confer Fig. 12) would be expected to be the same for different
MEA types. Due to the anisotropic nature of the Pt dissolution/

Table IV. Cell voltages obtained from H2/air performance mea-
surements at geometric current densities of 0.5, 1.5, and 2.5 −A cmMEA

2

for high, medium, and low cathode rf values, averaged over all
measurements, i.e., over 5 different ASTs (see Table I) and two
independent measurements per AST protocol. The given variation
represents the standard deviation of the in total 10 independent
measurements.

rf [ −cm cmPt MEA
2 2 ]

Ecell

at 0.5
−A cmMEA

2

Ecell

at 1.5
−A cmMEA

2

Ecell

at 2.5
−A cmMEA

2

77.4 ± 3.3 (BoL) 716 ± 5 mV 632 ± 7 mV 498 ± 16 mV
49.2 ± 3.6 717 ± 4 mV 633 ± 8 mV 470 ± 17 mV
30.2 ± 3.2 705 ± 8 mV 592 ± 20 mV 395 ± 24 mV

Figure 13. Scheme of the proposed approach to predict the voltage cycling
losses of the H2/air performance over a large number of voltage cycles under
application-relevant conditions (i.e., UPLs of <0.9 V) based on the data
acquired for a harsh cycling protocol (i.e., conducted with an UPL of
0.95–1.0 V). (a) Cathode rf degradation for a harsh voltage cycling AST
(purple squares) and for an application-relevant “mild” voltage cycling AST
(blue hexagons). (b) H2/air performance as a function of cathode rf for two
current densities. (c) Outline of the step-wise procedure to estimate the
number of cycles after which the EoL criteria (here assumed to be 0.5 V at 2

−A cmMEA
2 ) are reached for the mild voltage cycling AST on the basis of the

harsh voltage cycling AST data. The actual data points are taken from the
0.95 V–1s AST (purple squares) and from the 0.85 V–1s AST (blue
hexagons).
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redeposition mechanism in the through-plane direction of the
electrode (see Fig. 4), differences in the H2/air performance vs rf
correlation would also be expected when two different cathode
loadings of the same catalyst are compared (corresponding to
different electrode thicknesses), although the differences would
most likely be less pronounced than for MEAs with different
cathode catalysts. Therefore, the here observed characteristic corre-
lation between the H2/air performance and the cathode rf over the
course of voltage cycling ASTs needs to be established for each
MEA type, whereby the H2/air cell voltage is furthermore affected
by the other cell components (e.g., GDL type and compression, and
flow field design) and by the operating conditions during the H2/air
performance measurements (temperature, pressure, RH, reactant
stoichiometry, etc.).

Conclusions

In this study, the degradation of PEMFC cathodes with a loading
of 0.1 −mg cmPt MEA

2 was investigated by square wave voltage cycling
profiles between 0.6 V and different upper potential limits (UPLs of
0.85, 0.95, and 1.0 V) under H2/N2 (anode/cathode) with hold times
at the vertex potentials of 1, 2, or 8 s. Similar to other studies, it was
found that aging protocols with higher UPL and longer hold times
induce higher cathode roughness factor (rf) or electrochemically
active surface area (ECSA) losses per cycle, resulting in faster H2/air
performance degradation. After a mostly AST-independent ECSA
(or cathode rf) loss in the first 100 cycles, a linear trend of the ECSA
(or cathode rf) loss was observed in plots of the ECSA vs the
logarithm of either the number of cycles or the time at UPL. This
linearity can be used to predict the ECSA (or cathode rf) loss after
extended cycling by an extrapolation of the trend line.

When investigating the individual voltage loss contributions that
govern the H2/air performance over the course of the various voltage
cycling ASTs, it was found that the H2-crossover, the HFR, and the
proton conduction resistance remain unchanged, while the ORR
mass and specific activity as well as the oxygen transport resistances
correlate exclusively with the cathode rf, independent of the voltage
cycling procedure (i.e., independent of the investigated UPLs and
the hold times). This shows that the degradation mechanism is
identical for the different AST conditions used in this study, and is
restricted to Pt dissolution/redeposition, as cathode catalyst carbon
support at UPLs ⩽1.0 V and chemical ionomer degradation under
nearly fully humidified conditions (95% RH) are negligible. As
expected, the ORR mass activity decreased with decreasing cathode
rf, while the specific activity increased due to the particle size effect.
The pressure-independent part of the O2 transport resistance was
shown to be strongly affected by the local O2 transport resistance
that scales with rf−1, whereas the pressure-dependent O2 transport
resistance remained unchanged over the course of the ASTs. For all
measurements, a rf of ≈10 −cm cmPt

2
MEA

2 proved to be a critical value,
below which a reliable determination of the ORR mass activity and
the oxygen mass transport resistances was no longer possible.

The fact that the decrease of the ORR mass activity and the
increase of the O2 transport resistances with decreasing cathode rf is
identical for the here examined five different voltage cycling ASTs,
explains the at first sight surprising observation that the H2/air
performance decreases with decreasing cathode rf is also identical
for all five voltage cycling ASTs. In combination with the linear
behavior of the cathode rf losses vs the logarithm of the cycle
number, these findings can be used to predict the voltage cycling
losses of the H2/air performance over a large number of voltage
cycles under application-relevant conditions (i.e., UPLs of <0.9 V)
based on the data acquired for a harsh cycling protocol (i.e.,
conducted with an UPL of 0.95–1.0 V).
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Appendix

In order to determine whether there is any cathode thinning due
to carbon support corrosion after 500,000 voltage cycles using the
0.85 V–1s AST protocol, the cathode electrode thickness was
evaluated from ion-milled cross-sections of MEAs at BoL and after
500,000 cycles of the 0.85 V–1s AST. Representative cross-sections
are shown in Fig. A·1.

ORCID

Roberta K. F. Della Bella https://orcid.org/0000-0002-3085-3536
Björn M. Stühmeier https://orcid.org/0000-0001-7713-2261
Hubert A. Gasteiger https://orcid.org/0000-0001-8199-8703

References

1. Fuel Cell Technologies Program Multi-Year Research, Development, and
Demonstration Plan - 3.4 Fuel Cells, U.S. Department of Energy (2017), accessed:
11/12/2021, https://www.energy.gov/eere/fuelcells/downloads/hydrogen-and-fuel-
cell-technologies-office-multi-year-research-development.

2. R. L. Borup, A. Kusoglu, K. C. Neyerlin, R. Mukundan, R. K. Ahluwalia, D.
A. Cullen, K. L. More, A. Z. Weber, and D. J. Myers, Curr. Opin. Electrochem., 21,
192 (2020).

3. T. Patterson and R. Darling, Electrochem. Solid-State Lett., 9, A183 (2006).
4. P. J. Ferreira, G. J. la O’, D. Shao-Horn, R. Morgan, S. K Makharia, and H.

A. Gasteiger, J. Electrochem. Soc., 152, A2256 (2005).
5. C. A. Reiser, L. Bregoli, T. W. Patterson, J. S. Yi, J. D. Yang, M. L. Perry, and T.

D. Jarvi, Electrochem. Solid-State Lett., 8, A273 (2005).
6. L. Dubau, L. Castanheira, and F. Maillard et al., “A review of PEM fuel cell

durability: materials degradation, local heterogeneities of aging and possible
mitigation strategies.” WIREs Energy Environ., 3, 540 (2014).

7. J. Wu, X. Z. Yuan, J. J. Martin, H. Wang, J. Zhang, J. Shen, S. Wu, and W. Merida,
J. Power Sources, 184, 104 (2008).

8. P. Zihrul, I. Hartung, S. Kirsch, G. Huebner, F. Hasché, and H. A. Gasteiger,
J. Electrochem. Soc.,, 163, F492 (2016).

9. A. Kneer and N. Wagner, J. Electrochem. Soc.,, 166, F120 (2019).
10. G. S. Harzer, J. N. Schwämmlein, A. M. Damjanović, S. Ghosh, and H.

A. Gasteiger, J. Electrochem. Soc.,, 165, F3118 (2018).
11. D. J. S. Sandbeck, N. M. Secher, F. D. Speck, J. E. Sørensen, J. Kibsgaard,

I. Chorkendorff, and S. Cherevko, ACS Catal., 10, 6281 (2020).
12. K. Yu, D. J. Groom, X. Wang, Z. Yang, M. Gummalla, S. C. Ball, D. J. Myers, and

P. J. Ferreira, Chem. Mater., 26, 5540 (2014).
13. R. Makharia, S. Kocha, P. Yu, M. Sweikart, W. Gu, F. Wagner, and H.

A. Gasteiger, ECS Transaction, 1, 3 (2006).
14. E. Antolini, Appl. Catal., B, 181, 298 (2016).
15. D. J. S. Sandbeck et al., J. Electrochem. Soc., 167, 164501 (2020).
16. A. Kneer, J. Jankovic, D. Susac, A. Putz, N. Wagner, M. Sabharwal, and

M. Secanell, J. Electrochem. Soc., 165, F3241 (2018).
17. V. Yarlagadda, M. K. Carpenter, T. E. Moylan, R. S. Kukreja, R. Koestner, W. Gu,

L. Thompson, and A. Kongkanand, ACS Energy Lett., 3, 618 (2018).
18. A. Kongkanand and M. F. Mathias, J. Phys. Chem. Lett., 7, 1127 (2016).
19. J. P. Owejan, J. E. Owejan, and W. Gu, J. Electrochem. Soc., 160, F824 (2013).
20. P. Urchaga, T. Kadyk, S. G. Rinaldo, A. O. Pistono, J. Hu, W. Lee, C. Richards, M.

H. Eikerling, and C. A. Rice, Electrochim. Acta, 176, 1500 (2015).
21. D. J. Myers, X. Wang, M. C. Smith, and K. L. More, J. Electrochem. Soc., 165,

F3178 (2018).

Figure A·1. Representative SEM micrograph of ion-milled MEA cross-
sections (a) after BoL characterization and (b) after 500,000 voltage cycles
using the 0.85 V–1s AST protocol. While the GDL was peeled off before the
polishing step, some MPL residuals are still observed in the SEM images,
directly above or below the cathode/anode (top/bottom) electrode for both
MEAs. The white scale bar at the bottom of each image represents 10 μm.

Journal of The Electrochemical Society, 2022 169 044528



22. Y. Hu, J. O. Jensen, P. Bretzler, L. N. Cleemann, J. Yu, and Q. Li, Electrochim.
Acta, 391, 138963 (2021).

23. E. Padgett et al., J. Electrochem. Soc.,, 166, F198 (2019).
24. A. Kneer, N. Wagner, C. Sadeler, A.-C. Scherzer, and D. Gerteisen, J. Electrochem.

Soc.,, 165, F805 (2018).
25. S. Stariha, N. Macauley, B. T. Sneed, D. Langlois, K. L. More, R. Mukundan, and

R. L. Borup, J. Electrochem. Soc., 165, F492 (2018).
26. D. A. Langlois, A. S. Lee, N. Macauley, S. Maurya, M. E. Hawley, S. D. Yim, and

Y. S. Kim, J. Power Sources, 396, 345 (2018).
27. N. Ramaswamy, S. Kumaraguru, W. Gu, R. S. Kukreja, K. Yu, D. Groom, and

P. Ferreira, J. Electrochem. Soc., 168, 024519 (2021).
28. D. D. Papadias, R. K. Ahluwalia, N. Kariuki, D. Myers, K. L. More, D. A. Cullen,

B. T. Sneed, K. C. Neyerlin, R. Mukundan, and R. L. Borup, J. Electrochem. Soc.,
165, F3166 (2018).

29. C. Takei, K. Kakinuma, K. Kawashima, K. Tashiro, M. Watanabe, and M. Uchida,
J. Power Sources, 324, 729 (2016).

30. W. Bi, Q. Sun, Y. Deng, and T. F. Fuller, Electrochim. Acta, 54, 1826 (2009).
31. M. Uchimura and S. S. Kocha, ECS Trans., 11, 1215 (2007).
32. Y. Liu, M. Murphy, D. Baker, W. Gu, C. Ji, J. Jorne, and H. A. Gasteiger, ECS

Trans., 11, 473 (2007).
33. C. Simon, F. Hasche, D. Muller, and H. A. Gasteiger, ECS Trans., 69, 1293 (2015).
34. C. Simon, F. Hasché, and H. A. Gasteiger, J. Electrochem. Soc., 164, F591 (2017).
35. G. S. Harzer, A. Orfanidi, H. El-Sayed, P. Madkikar, and H. A. Gasteiger,

J. Electrochem. Soc., 165, F770 (2018).
36. Y. Liu, M. W. Murphy, D. R. Baker, W. Gu, C. Ji, J. Jorne, and H. A. Gasteiger,

J. Electrochem. Soc., 156, B970 (2009).
37. R. Makharia, M. F. Mathias, and D. R. Baker, J. Electrochem. Soc., 152, A970

(2005).
38. M. Eikerling and A. A. Kornyshev, J. Electroanal. Chem., 475, 107 (1999).
39. K. C. Neyerlin, W. Gu, J. Jorne, A. Clark, and H. A. Gasteiger, J. Electrochem.

Soc., 154, B279 (2007).
40. K. C. Neyerlin, W. Gu, J. Jorne, and H. A. Gasteiger, J. Electrochem. Soc., 154,

B631 (2007).
41. D. R. Baker, D. A. Caulk, K. C. Neyerlin, and M. W. Murphy, J. Electrochem. Soc.,

156, B991 (2009).
42. R. K. Ahluwalia, X. Wang, J.-K. Peng, V. Konduru, S. Arisetty, N. Ramaswamy,

and S. Kumaraguru, J. Electrochem. Soc., 168, 044518 (2021).
43. K. H. Kangasniemi, D. A. Condit, and T. D. Jarvi, J. Electrochem. Soc.,, 151, E125

(2004).
44. R. N. Carter, S. S. Kocha, F. Wagner, M. Fay, and H. A. Gasteiger, ECS Trans., 11,

403 (2019).
45. T. R. Garrick, T. E. Moylan, M. K. Carpenter, and A. Kongkanand, J. Electrochem.

Soc., 164, F55 (2016).
46. K. Shinozaki, H. Yamada, and Y. Morimoto, J. Electrochem. Soc., 158, B467

(2011).
47. B. M. Stühmeier, M. R. Pietsch, J. N. Schwämmlein, and H. A. Gasteiger,

J. Electrochem. Soc., 168, 064516 (2021).
48. T. A. Greszler, D. Caulk, and P. Sinha, J. Electrochem. Soc., 159, F831 (2012).
49. R. M. Darling and J. P. Meyers, J. Electrochem. Soc., 150, A1523 (2003).
50. Y. Shao-Horn, W. C. Sheng, S. Chen, P. J. Ferreira, E. F. Holby, and D. Morgan,

Top. Catal., 46, 285 (2007).
51. M. K. Debe, A. K. Schmoeckel, G. D. Vernstrom, and R. Atanasoski, J. Power

Sources, 161, 1002 (2006).
52. W. Bi and T. F. Fuller, J. Electrochem. Soc., 155, B215 (2008).
53. W. Bi and T. F. Fuller, J. Power Sources, 178, 188 (2008).

54. J. Zhang, B. A. Litteer, W. Gu, H. Liu, and H. A. Gasteiger, J. Electrochem. Soc.,
154, B1006 (2007).

55. S. Kawahara, S. Mitsushima, K.-I. Ota, and N. Kamiya, ECS Trans., 3, 7 (2006).
56. D. C. Johnson, D. T. Napp, and S. Bruckenstein, Electrochim. Acta, 15, 1493

(1970).
57. K. Ehelebe, D. Escalera-López, and S. Cherevko, Curr. Opin. Electrochem., 29,

100832 (2021).
58. R. M. Darling and J. P. Meyers, J. Electrochem. Soc.,, 152, A242 (2005).
59. K. Ehelebe, J. Knöppel, M. Bierling, B. Mayerhöfer, T. Böhm, N. Kulyk, S. Thiele,

K. J. J. Mayrhofer, and S. Cherevko, Angew. Chem. Int. Ed.,, 60, 8882 (2021).
60. M. S. Kang and Y. I. Joe, J. Power Sources, 77, 49 (1999).
61. F. Coms, H. Xu, T. McCallum, and C. Mittelsteadt, ECS Trans., 50, 907 (2013).
62. H. A. Gasteiger, J. E. Panels, and S. G. Yan, J. Power Sources, 127, 162

(2004).
63. H. A. Gasteiger, S. S. Kocha, B. Sompalli, and F. T. Wagner, Appl. Catal., B, 56, 9

(2005).
64. K. Kinoshita, J. Electrochem. Soc., 137, 845 (1990).
65. F. Du et al., J. Electrochem. Soc., 167, 144513 (2020).
66. A. Orfanidi, P. Madkikar, H. A. El-Sayed, G. S. Harzer, T. Kratky, and H.

A. Gasteiger, J. Electrochem. Soc.,, 164, F418 (2017).
67. K. C. Neyerlin, W. Gu, J. Jorne, and H. A. Gasteiger, J. Electrochem. Soc., 153,

A1955 (2006).
68. N. P. Subramanian, T. Greszler, J. Zhang, W. Gu, and R. R. Makharia, ECS Trans.,

41, 985 (2011).
69. Y. Ono, T. Mashio, S. Takaichi, A. Ohma, H. Kanesaka, and K. Shinohara, ECS

Trans., 28, 69 (2010).
70. T. V. Reshetenko and J. St-Pierre, J. Electrochem. Soc., 161, F1089 (2014).
71. S. Shukla, D. Stanier, M. S. Saha, J. Stumper, and M. Secanell, J. Electrochem.

Soc., 163, F677 (2016).
72. K. Kudo, T. Suzuki, and Y. Morimoto, ECS Trans., 33, 1495 (2010).
73. N. Nonoyama, S. Okazaki, A. Z. Weber, Y. Ikogi, and T. Yoshida, J. Electrochem.

Soc., 158, B416 (2011).
74. N. P. Subramanian, T. A. Greszler, J. Zhang, W. Gu, and R. Makharia,

J. Electrochem. Soc., 159, B531 (2012).
75. J. X. Wang, F. A. Uribe, T. E. Springer, J. Zhang, and R. R. Adzic, Faraday

Discuss., 140, 347 (2008).
76. T. Lazaridis and H. A. Gasteiger, J. Electrochem. Soc., 168, 114517 (2021).
77. K. J. J. Mayrhofer, D. Strmcnik, B. B. Blizanac, V. Stamenkovic, M. Arenz, and N.

M. Markovic, Electrochim. Acta,, 53, 3181 (2008).
78. M. Inaba, H. Yamada, J. Tokunaga, and A. Tasaka, Electrochem. Solid-State Lett.,

7, A474 (2004).
79. K. Ono, K. Sekizawa, N. Takeuchi, T. Yoshida, and M. Sudoh, ECS Trans., 50, 33

(2013).
80. D. A. Caulk and D. R. Baker, J. Electrochem. Soc., 157, B1237 (2010).
81. T. Schuler, A. Chowdhury, A. T. Freiberg, B. Sneed, F. B. Spingler, M. C. Tucker,

K. L. More, C. J. Radke, and A. Z. Weber, J. Electrochem. Soc., 166, F3020 (2019).
82. R. Petrone, D. Hissel, M. C. Péra, D. Chamagne, and R. Gouriveau, Int. J. Hydrog.

Energy, 40, 12489 (2015).
83. S. Jomori, K. Komatsubara, N. Nonoyama, M. Kato, and T. Yoshida,

J. Electrochem. Soc., 160, F1067 (2013).
84. J. P. Meyers and R. M. Darling, J. Electrochem. Soc., 153, A1432 (2006).
85. P. T. Yu, W. Gu, R. Makharia, F. T. Wagner, and H. A. Gasteiger, ECS Trans., 3,

797 (2006).
86. A. Collier, H. Wang, X. Zi Yuan, J. Zhang, and D. P. Wilkinson, Int. J. Hydrogen

Energy, 31, 1838 (2006).

Journal of The Electrochemical Society, 2022 169 044528



4. Conclusions

This PhD thesis focused on the investigation of the activity, selectivity, and durability

of catalysts for proton exchange membrane fuel cells (PEMFCs). Hereby, the three

main aspects were the development of suitable measurement protocols, the investiga-

tion and implementation of novel catalyst concepts, and elucidating the correlation

between catalyst degradation and the H2/air performance losses.

In the first part of the thesis, the two most commonly used setups for the investiga-

tion of PEMFC catalysts, namely the rotating disk electrode (RDE) technique and

membrane electrode assembly (MEA) based single-cell measurements, were discussed

with respect to their capabilities and limitations in accessing the catalyst properties

that are most critical for PEMFC operation. We concluded that the RDE is an easily

accessible tool that is essential for the initial screening of new catalyst materials that

are only available in small quantities as well as for fundamental studies on the reaction

mechanism of the ORR and on the degradation of fuel cell catalysts. However, the

RDE technique is limited in its capabilities by the slow mass transport rates in the liq-

uid environment, so that an evaluation of the application-relevant high current density

performance of ORR catalysts and of the fast kinetics of the HOR/HER is not possible.

While bridging techniques address some of these shortcomings, MEA measurements

that require several grams of catalyst, complex and expensive instrumentation, and

elaborate experimental procedures are often essential to elucidate the role of the car-

bon support morphology, the interaction between ionomer and Pt nanoparticles, and

MEA-specific secondary effects of catalyst degradation. Due to the high complexity

of MEA measurements, special emphasis was placed on the optimization of measure-

ment procedures for low-loaded electrodes that are susceptible to artifacts from CO

contamination, semi-irreversible support oxidation, H2-crossover, and changes in the

ORR mechanism. Furthermore, a practical guideline for the time-efficient characteri-

zation of 5 cm2 MEAs was given.

Since RDE measurements were found to be unsuitable for determining the HOR/HER
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kinetics in acidic environment,85,152 an optimized procedure for PEMFC based H2-

pump measurements was developed in order to investigate the HOR/HER mechanism.

A measurement procedure using a mix of galvanostatic and potentiostatic measure-

ments allowed us to correct the potential of each individual data point via impedance

spectroscopy. This way, we could investigate the reaction kinetics on highly asymmet-

rically loaded electrodes not only in dependence of the temperature, but for the first

time also in dependence of the hydrogen partial pressure (pH2
). Thus, the HOR/HER

activity on Pt/C catalysts was benchmarked for a broad matrix of measurement con-

ditions from 30–90 °C and 100–450 kPaH2
. Thereby, the apparent activation energy of

the HOR/HER was found to increase with increasing pH2
due to a diminishing effect

of the hydrogen adsorption enthalpy with increasing coverage by adsorbed hydrogen

atoms on the Pt surface.167,168 Consequently, the HOR/HER reaction order with

respect to pH2
also depends on the temperature. Furthermore, the HOR eventually

reached a limiting current at high anodic overpotentials that showed a direct propor-

tionality to the hydrogen partial pressure as well as a temperature-dependent behavior

with a constant, i.e., pressure-independent, activation energy. We ascribed this effect

to a limitation of the hydrogen adsorption rate by a rate limiting Tafel-reaction or

local mass transport limitations.

Having established suitable measurement protocols for the screening of new catalysts

by RDE and the more advanced characterization of the HOR/HER activity in MEA

measurements, novel catalyst concepts based on oxide support materials were explored

in the second part of this thesis. In a first study, the polyol process was established

as a method for the in-situ reduction of surface oxide films, with the aim to create

a metallic inter-layer onto which a thin contiguous platinum film could be deposited.

We showed that by heating in ethylene glycol, the native thin oxide film on a Sn wire

can be reduced, whereby in-situ cyclic voltammetry and reference measurements using

near-ambient pressure XPS showed that a drop in the open circuit potential (OCP)

of the wire vs. a Ag/AgCl reference electrode was a clear indication that a surface

reduction had occurred. Using this OCP drop as an indicator, the reduction of the

native oxides could be proven for Sn and Ni wire model substrates, for technologically

more relevant Sn and Ni nanoparticles, and even for oxide nanoparticles (Sb-doped

SnO2). Thus, it was shown that the oxide reduction process is independent of the ox-

ide morphology (extended surfaces, nanoparticles, and nanowires), which might make

oxidecore metalshell structures accessible via a metallic inter-layer.
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Using a different approach, the strong metal-support interaction (SMSI) effect on the

electrochemical surface oxide formation and the electrochemical reactivity of Pt and

Ru was explored in two studies. The respective platinum group metal (PGM) was

supported on TiOx (x ≤ 2) and the PGM/TiOx agglomerates were then adsorbed on

a Vulcan carbon support that guaranteed a sufficient electrical conductivity and high

porosity of the electrodes prepared with the PGM/TiOx/C catalysts. After a reductive

heat-treatment (400 °C, 5% H2/Ar), the SMSI formation resulted in the encapsulation

of the PGM nanoparticles and, for both metals, the electrochemical formation of a

surface oxide was found to be almost completely suppressed compared to the respec-

tive PGM/C reference catalyst. This led to a stabilization of the HOR activity at high

anodic potentials (> 1.0VRHE), where the oxidation would otherwise result in a de-

activation of the catalysts for the HOR. Unfortunately, H2-pump measurements with

the Ru/TiOx/C catalyst showed that although the catalyst proved to be three times

more active than the Ru/C reference, the activity was two orders of magnitude lower

compared to Pt/C, which makes this catalyst unattractive for the implementation in

PEMFC systems. On the other hand, the ORR activity of Pt/TiOx/C was found to

be suppressed by 98%, which in combination by an only ≈ 3 times lower HOR activity

(determined by alkaline RDE measurements) resulted in a unique selectivity of the

catalyst for the HOR, which is considered to be beneficial for the mitigation of start-

up/shut-down (SUSD) induced carbon corrosion on the cathode of a PEMFC.59,103

In the last section of the thesis, the cathode degradation during SUSD events and oper-

ation over the course of extended load cycling was investigated using small active area

PEMFC single-cells. First, the HOR-selective Pt/TiO2/C catalyst was implemented

as an anode catalyst to test the hypothesized mitigation of SUSD-induced corrosion of

the carbon support of the cathode catalyst. While we could show by H2-pump mea-

surements that the HOR activity of the Pt/TiO2/C catalyst is indeed only twofold

lower compared to Pt/C, the significantly lower ORR activity could unfortunately not

be reproduced in an MEA, resulting in an overall lower activity of Pt/TiO2/C rather

than it being an HOR-selective catalyst. Furthermore, the stability of TiO2 proved

to be a severe issue that resulted in a cationic contamination of the cathode catalyst

layer and, consequently, in performance penalties of ≈ 35mV at 2A cm–2
MEA. The

necessity to avoid TiO2 in a PEMFC has also been highlighted in a recent study by

Zhang et al.121 that was published during the final phase of the data collection for
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4. Conclusions

our most recent study on TiO2-based catalysts. Nevertheless, the Pt/TiO2/C anodes

still proved to be advantageous during SUSD events, whereby the ECSA retention was

significantly improved over the Pt/C references, although the loss in selectivity when

implemented in an MEA would have predicted otherwise, the reason for this is still

unclear.

Finally, we investigated the effect of voltage cycling based accelerated stress tests

(ASTs) on the PEMFC H2/air performance losses. Hereby, we made two key observa-

tions that will greatly impact the design of voltage cycling based ASTs in the future:

first of all, it was found that the ECSA or rf deteriorate linearly versus the logarithm

of the number of cycles or the time at UPL, with higher slopes for harsher ASTs. This

linearity can be used to predict the ECSA (or cathode rf ) loss after extended voltage

cycling by an extrapolation of the trend line. Moreover, the individual voltage losses

were found to be either unaffected by the aging (H2-crossover and proton conduction

resistance) or to depend exclusively on the cathode rf (mass/specific activity and O2-

transport resistances), independent of the AST procedure. This results in an universal

correlation between the H2/air performance and the rf over the course of voltage cy-

cling ASTs. Consequently, the combination of the linear cathode rf loss behavior and

the AST protocol-independent correlation between H2/air performance and rf can be

used to predict the H2/air performance losses over a large number of voltage cycles

under application-relevant conditions by employing a harsh aging protocol (see fig. 4.1).

In summary, this PhD thesis has contributed in several ways to a better understand-

ing of the activity, selectivity, and durability of PEMFC catalyst materials. The

perspective is a handy guideline for researchers that summarizes the capabilities and

limitations of the RDE technique and of single-cell MEA measurements, and also

proposes appropriate protocols for the screening and characterization of newly syn-

thesized catalysts. The HOR/HER investigation provides not only valuable insights

into the reaction mechanism and potential limitations at low electrode rf values, but

also supplies a comprehensive set of anode performance data for PEMFC system de-

sign and modeling. Although they are not yet mature, the novel catalyst concepts

presented in this thesis have the potential to significantly improve the long-term dura-

bility of PEMFC systems. While extended Pt (or Pt-alloy) thin films covering an

oxide support material are certainly a far-future alternative, composite materials with

an SMSI-induced selectivity might be available in the near future, if a metal oxide
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Figure 4.1. Scheme of the proposed approach to predict the voltage cycling losses of the H2/air
performance over a large number of voltage cycles under application-relevant conditions (i.e., UPLs
of < 0.9V) based on the data acquired for a harsh cycling protocol (i.e., conducted with an UPL
of 0.95 – 1.0V); a) cathode rf degradation for a harsh voltage cycling AST (purple squares) and
for an application-relevant “mild” voltage cycling AST (blue hexagons); b) H2/air performance as a
function of cathode rf for two current densities; c) outline of the step-wise procedure to estimate the
number of cycles after which the end of life (EoL) criteria (here assumed to be 0.5V at 2A cm–2

MEA)
are reached for the mild voltage cycling AST on the basis of the harsh voltage cycling AST data.
The figure is reprinted from Della Bella and Stühmeier et al. (see Section 3.3.2).53

can be found that proves to be stable under PEMFC operating conditions (WO3 and

Nb2O5 being the most promising candidates). Finally, the seminal finding that there

is a universal correlation between the cathode rf and the H2/air performance during

voltage cycling based ASTs will allow researchers and manufacturers to significantly

accelerate the durability testing that is required to reliably predict system lifetime and

performance and to determine the necessary constraints on the operating conditions

with regard to upper potential limit and temperature.
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[136] C. Simon, F. Hasché, H. A. Gasteiger, “Influence of the Gas Diffusion Layer
Compression on the Oxygen Transport in PEM Fuel Cells at High Water Satu-
ration Levels”, Journal of The Electrochemical Society, 2017, 164, F591–F599.

[137] M. Inaba, H. Yamada, J. Tokunaga, A. Tasaka, “Effect of Agglomeration of
Pt/C Catalyst on Hydrogen Peroxide Formation”, Electrochemical and Solid-
State Letters, 2004, 7, A474–A476.

161

https://www.umweltbundesamt.de/sites/default/files/w21ad_luftdaten/annualtabulation/PDF/co_2019.pdf
https://www.umweltbundesamt.de/sites/default/files/w21ad_luftdaten/annualtabulation/PDF/co_2019.pdf


References

[138] P. Zihrul, P. Weber, J. Durst, H. A. Gasteiger, F. Hasché, “Impact of Hydrogen
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J. Schröter, C. Gebauer, H. A. Gasteiger, “Current Challenges in Catalyst De-
velopment for PEM Water Electrolyzers”, Chemie Ingenieur Technik, 2020, 92,
31–39.

162



References

[148] M. Fathi Tovini, A. Hartig-Weiß, H. A. Gasteiger, H. A. El-Sayed, “The Discrep-
ancy in Oxygen Evolution Reaction Catalyst Lifetime Explained: RDE vs MEA
- Dynamicity within the Catalyst Layer Matters”, Journal of the Electrochemical
Society, 2021, 168, 014512.

[149] H. A. El-Sayed, A. Weiß, L. F. Olbrich, G. P. Putro, H. A. Gasteiger, “OER
Catalyst Stability Investigation Using RDE Technique: A Stability Measure or
an Artifact?”, Journal of The Electrochemical Society, 2019, 166, F458–F464.
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