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Abstract
For large scale implementation of fuel cell technology, significant advances in system perfor-
mance and durability need to be achieved while simultaneously lowering cost. In this thesis,
approaches to increase the high current density performance of proton exchange membrane
fuel cells by tailoring catalyst and catalyst layer properties are presented as well as the
influence of different accelerated stress tests on their durability. First, the beneficial effect
of altering the carbon support surface with -NHx groups to enhance ionomer homogeneity
in the catalyst layer is presented. Then, the catalyst morphology, i.e., the distribution of
platinum nanoparticles on the external surface or inside the carbon black support, is con-
trolled by the synthesis method and shown to result in better fuel cell performance when
Pt particles are deposited preferentially on the outer surface of the support. Lastly, the
degradation of catalyst layers by accelerated stress test is investigated, with a special focus
on mass transport related phenomena. It could be shown that carbon corrosion during
voltage cycling up to 1.0 V is negligible and that the oxygen transport resistance scales
inversely with the available Pt surface area. By restricting the upper potential, low loa-
ded catalyst layers could sustain 30000 potential cycles without performance degradation,
pointing out a promising way for increasing system lifetime.

Kurzfassung
Um eine flächendeckende Verbreitung der Brennstoffzellentechnologie zu ermöglichen, muss
die Leistung und Haltbarkeit des Systems weiter verbessert und deren Kosten reduziert
werden. Diese Doktorarbeit befasst sich sowohl mit der Steigerung der Leistung von
Protonenaustauschmembran-Brennstoffzellen im Hochstrombereich durch gezielte Verän-
derungen des Katalysators und der Katalysatorschicht als auch mit der Bestimmung von
Degradationsphänomenen. Zunächst wird der positive Einfluss einer -NHx Modifzierung
des Kohlenstoffträgers auf die Ionomerverteilung und die daraus resultierende, höhere Lei-
stung der Brennstoffzelle gezeigt. Die Morphologie des Katalysators, also die Verteilung
der Platin Nanopartikel auf der äußeren Oberfläche oder innerhalb des Kohlenstoffträgers
und der positive Effekt auf die Leistung, der aus einer bevorzugten Ablagerung von Pla-
tin auf der äußeren Oberfläche folgt, wird im folgenden Teil beschrieben. Zuletzt wird
die Untersuchung der Lebensdauer durch beschleunigte Alterungstest beschrieben, wobei
besonders die Degradation in Bezug auf Massentransportverluste im Vordergrund steht.
Hier zeigt sich, dass die Kohlenstoffkorrosion bei Zellspannungen bis 1 V einen vernachläs-
sigbaren Anteil an Sauerstoff Massentransportverlusten hat und dass diese hauptsächlich
invers proportional zur verfügbaren Platinoberfläche sind. Wird die Zellspannung auf nie-
drige Werte beschränkt, führen 30000 Spannungszyklen zu keinerlei Einbußen der Leistung,
wodurch ein vielverprechender Weg zur Steigerung der Halbarkeit von Brennstoffzellensys-
temen aufgezeigt wird.
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1 Introduction

Disastrous air quality in cities around the world and the understanding that changes in
the personal transportation sector are necessary to address this problem, lead to increa-
sing number of electric vehicle sales. In China, sales were reaching almost 800000 in 2017,
making it the world leader. For a populous country like China, this number appears rela-
tively low, equating to only 1.37% of newly registered cars being electrically powered, e.g.,
battery electric vehicles. However, the German share of electric cars for newly registered
vehicles is even lower with only 0.73% in 2017.[1] The question now arises, why the share
of electric vehicle registrations is still marginal, despite financial incentives such as the
”Umweltbonus” of 4000 e or tax cuts for electric vehicles; even the charging infrastructure
is developing rapidly, making it possible to charge your vehicle almost everywhere, e.g.,
while you are shopping or in the cinema.

From recent studies it becomes evident that one of the main reasons (apart from
high costs) is the large discrepancy between current battery electric vehicles and customer
expectations with respect to range and recharging time, with an expected driving range of
463 km and a tolerable recharging time of less than one hour.[2] Current high speed chargers
like the Tesla Supercharger are able to provide about 270 km of range in about 30 min
for their Model S and X when the battery is at a low state of charge.[2] If the customer
expectations with regards to range and charging time are the most important requirements,
why are fuel cell electric vehicles not becoming bestsellers, as they are meeting customer
requirements of more than 500 km range and less than 5 min refueling time already today,
with the first commercial fuel cell vehicles like the Hyundai ix35 Fuel Cell or the Toyota
Mirai available in Germany since 2015?[3,4]

A major impediment is that the infrastructure of hydrogen refueling stations is still
limited, with only 43 fueling stations currently operating (additionally 33 planned) in
Germany,[5] while electric charging stations are becoming readily available (> 8800, April
2018).[1] However, due to the extended range of fuel cell vehicles, a lower amount of fueling
stations would be tolerable for a sufficient coverage.

More importantly, the price for a fuel cell electric vehicle is still significantly higher
compared to battery electric cars and especially internal combustion engine cars. This is
mainly due to the cost of the catalyst which contains the expensive and scarce platinum
metal, as well as other specialized components like the perfluorinated membrane or the
hydrogen tank. As the price is expected to decrease by economy of scales for some com-
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1 Introduction

ponents, most direct price reduction can be achieved by reducing the amount of platinum
needed from currently ~30 g per car to levels which are closer to the amount commonly
used in today’s exhaust catalytic converters, namely to about 5 g Pt.[6] This reduction
is also required in order to avoid Pt supply constraints once several millions of fuel cell
vehicles per year would be produced.

An additional approach is to increase the power density of the fuel cell stack (in terms of
W/cm2), as this will reduce the total cell area and thus the cost for bipolar plates, diffusion
media and membranes. This endeavor has become a major research focus, bringing together
experts from the fields of catalyst synthesis, polymer membrane fabrication, catalyst layer
design, cell component design and system engineering in order to address this challenge.

In the following, possible ways to increase the fuel cell performance, especially in the
high current density region (i.e., at high power density), while reducing the Pt loading will
be depicted at the catalyst and catalyst layer level. In addition, the durability of fuel cells
is investigated by an imposed accelerated stress test to evaluate long term stability, which
will ultimately allow to propose operational parameters to extend the lifetime.

1.1 Proton exchange membrane fuel cells
Proton exchange membrane fuel cells (PEMFC) are energy conversion devices which pro-
duce electricity and heat from the spatially separated oxidation of hydrogen and reduction
of oxygen as shown in equations 1.1 and 1.2, respectively. The concept of electricity ge-
neration from the two gases was discovered in the year 1839 by Sir William Robert Grove
and Professor Christian Friedrich Schönbein, while it took until 1957 when Willard T.
Grubb invented the fuel cell comprising a polymer based ion exchange membrane. In the
literature, several abbreviations such as PMFC (polymeric membrane fuel cell) and PEFC
(polymer electrolyte fuel cell) exist for this type of fuel cell.[7] As also anion exchange mem-
brane fuel cells could be summarized under the term PEFC, nowadays PEMFC (proton
exchange membrane fuel cell) is widely accepted to specify the cation conductivity of the
membrane, as opposed to existence of the polymer electrolyte membrane.

HOR : H2 2H+ + 2 e− (1.1)
ORR : 1

2O2 + 2 e− + 2H+ H2O (1.2)∑
: H2 + 1

2O2 H2O (1.3)

In a PEMFC, hydrogen is oxidized at the anode into protons and electrons in the
hydrogen oxidation reaction (HOR, equation 1.1). Protons travel through the membrane
towards the cathode, while the electrons are routed through an external circuit where
they perform the electrical work. At the cathode, oxygen from air, protons and electrons
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1.1 Proton exchange membrane fuel cells

recombine in the oxygen reduction reaction (ORR, equation 1.2) to form water. In the
following section, the essential components of a fuel cell are described with a focus on
components that were of special interest for this thesis.

1.1.1 Fuel cell components

The components of a fuel cell are summarized in terms of a flow diagram in figure 1.1 and
an illustration of an experimental cell setup is shown in figure 1.2. A single cell fuel cell is
made of four major component groups, namely the structural components, i.e., endplates
and flow fields, sealing materials, the gas diffusion layer (GDL) and the catalyst coated
membrane (CCM), which will be described in more detail in the following. As a single
fuel cell is able to provide about 0.8 V, several (hundred) single cells are stacked to form a
so called fuel cell stack to increase the available voltage, which is required for high power
(>0.1 kW) applications.

Fuel Cell 
Stack

Structural components / 
Flowfield

Sealing

Catalyst Coated Membrane 
CCM

Catalyst layer

Membrane

Catalyst

Ionomer

Gas Diffusion Layer
GDL

Gas Diffusion Substrate
GDS

MicroPorous Layer
MPL

· X

5-Layer 
Membrane Electrode 

Assembly
MEA

Figure 1.1: Flow diagram presenting the components of a fuel cell. Multiple fuel cells comprise
a fuel cell stack.

Membrane electrode assembly

The membrane electrode assembly (MEA) is the heart of the fuel cell, as this is where the
electrochemical conversion occurs. An MEA is built up symmetrically with a membrane in
the center and the catalyst layers (anode and cathode) as well as the gas diffusion layers
(GDL) on each side. As this assembly is made up of 5 different layers (one membrane, two
catalyst layers and two gas diffusion layers), it is often referred to as a 5-layer MEA. Two
different ways of fabricating an MEA are commonly employed, namely the deposition of a
catalyst layer on the membrane (catalyst coated membrane – CCM) or the deposition of the
catalyst/ionomer on the GDL (catalyst coated substrate – CCS or gas diffusion electrode –
GDE).[8] As the MEAs for this thesis have been prepared from CCMs, the focus will be on
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Figure 1.2: Schematic illustration of an experimental fuel cell setup (not drawn to scale) with
indication of approximate dimensions of each component of the catalyst coated membrane (CCM)
and membrane electrode assembly (MEA).

this preparation technique, while similarities between CCS and GDEs will be given when
appropriate. As this section describes the general structure and components of an MEA,
please refer to the experimental section (section 2) for more details on the manufacturing
process.

CCM – Membrane and ionomer – In this section, the catalyst layer ionomer and
the membrane are discussed simultaneously, as they are composed of the same class of mate-
rial, namely a perfluorinated polymer containing ionic groups. Besides good ionic conducti-
vity, the chemical stability of ionomers is of major importance, since the harsh operating
conditions of a fuel cell are simultaneously reducing, oxidizing and thermally demanding.
For this reason, perfluorinated ionomers are nowadays commonly used in PEMFCs, due
to their excellent chemical stability and high ionic conductivity.[9] The ionic conductivity
is obtained by the introduction of ionic side chains like perfluorocarboxylic acid, or more
commonly, perfluorosulfonic acid (PFSA). Commercial ionomers are NafionR© (DuPont),
Flemion R© (Asahi Glass) or AciplexR© (Asahi Chemical), which mostly differ in the type
of co-monomer, i.e., in the ionic sidechain of the final ionomer.[9,10] These polymers are
produced industrially by the reaction of SO3 with tetra-fluoroethylene (TFE), followed by
a conversion to a rearranged sultone (RSU). This can then be reacted with two equivalents
of hexafluoropropylen oxide (HFPO) to produce sulfonyl fluoride adducts, which, when he-
ated with sodium carbonate, yield the vinyl ether PSEPVE. The synthesis process is shown
in figure 1.3, including the co-polymerization with TFE to the final NafionR© ionomer by a
free radical polymerization mechanism.[9]
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Figure 1.3: Synthesis process for the membrane co-monomer PSEPVE and polymerization with
n TFE (n ≈ 3 for 700 EW) to the final Nafion R© ionomer.[9]

As this synthesis involves dangerous reactants, e.g., TFE under high pressure and at
high temperature, only few chemical companies in the world prepare these polymers, which
results in a relatively high cost of these types of materials ($2000-5000/kg).[11] Additionally,
the low production volume of approximately 65 t/year (2003)[9,11] compared to high-volume
polymers (Nylon: 5.4×106 t/year; 2016)[12] results in very high material cost. However,
a price estimate by DuPont in the year 1998 for high volume manufactured membrane
materials already stated a price of about $10/kW,[9] which in recent cost estimations from
2016 is even reduced to below $8/kW, equating to about $250/kg, even though these studies
express a large uncertainty for ionomer cost prediction.[11,13,14]

The final ionomer is made of a hydrophobic backbone from the TFE co-polymerization
and an ionic sidechain of the PSEPVE monomer terminated by the sulfonic acid group.
Due to the large difference in polarity, the polymer arranges in spherical clusters with
ionic domain sizes in the range of 3-4 nm being surrounded by a continuous fluorocarbon
domain. This model has been proposed by Hsu and Gierke in 1983,[15] and is still used to
describe and explain ionomer properties today, while more recent models include a third
domain, namely an interfacial region which depends on the amount of ionic groups in
the polymer.[9,10,16–18] Important characteristics of ionomeric polymers are the molecular
weight (MW) and the equivalent weight (EW). With the MW of an ionomer being generally
difficult to assess – lying in the range of 1-10×105 g/mol – the more important parameter
is the EW, as it describes the amount of ionic groups referenced to the mass of the polymer
(in units of gpolymer/molSO −

3
).[9,17] For most ionomers, the EW ranges from about 700 to

1500 gpolymer/molSO −
3
, where these boundaries are posed by excessive swelling or dissolution

at low EW on the one hand and by an insufficient ionic conductivity at high EW on
the other hand. The determination of the equivalent weight is usually accomplished by
FTIR techniques, atomic sulfur determination or acid-base titration.[9,10,17] For fuel cell
applications, the physical properties of the ionomer like the swelling behavior, the ionic
conductivity or the gas permeability are of major interest and need to be optimized for
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1 Introduction

different fuel cell operating conditions. This can be achieved by selection of the MW, of
the sidechain length and type, and most importantly by the EW. A thorough discussion of
the relevant relationships is presented in Ref[19]. In general, a lower EW and higher relative
humidity (RH ) or temperature lead to a higher ionic conductivity (0.1 S/cm, 80◦C, 80%
RH ) but also to increased ionomer swelling, particularly in the presence of liquid water.
The gas permeability generally increases with temperature and relative humidity for the
same type of ionomer, while it is generally higher for a low-EW ionomer. While high ionic
conductivity in the membrane and catalyst layer is important for high current density
operation, swelling of the ionomer in the catalyst layer reduces its porosity, hence the
available pore volume for oxygen diffusion. Therefore, a proper selection of ionomer and
membrane is crucial for optimum fuel cell performance and will be discussed in more detail
in section 1.2 (page 19).

The fabrication of membranes from the ionomer can be either done by extrusion of the
polymer in the SO2F form and subsequent hydrolysis, solution casting of the ionic form,[9,20]

impregnation of a reinforcement layer,[21] or direct printing from solution in the MEA
fabrication process.[22] Nowadays, most membranes contain a reinforcement layer, e.g.,
expanded PTFE, and have a thickness on the order of 20 μm, whereas a further decrease
of the thickness is desired in order to reduce the cell resistance (10 μm are considered to
be the practical limit imposed by the H2 and O2 permeation).

During the harsh conditions of fuel cell operation, the ionomer material in the catalyst
layer and membrane can degrade due to chemical attack and/or due to mechanical failure
from repeated volume expansion/contraction induced by RH cycles. The chemical degra-
dation occurs generally by an attack of non-fluorinated endgroups by a highly reactive
·OH radical according to figure 1.4.[20,23–25] At dry operating conditions, the ·OH radical
can also easily attack the R−CF2−SO3H-group which will then decompose to R−CF ·

2

from where the chain unzipping continues in a similar manner.[26] By post fluorinating
the ionomer, introducing radical scavengers, reinforcement of the membrane and carefully
controlling the fuel cell operating conditions, the durability of the membrane and iono-
mer has been extended beyond 10000 h, posing almost no lifetime limitations to fuel cell
applications.[25,26]

CCM – Catalyst layer – Platinum metal is the state of the art catalyst for PEM
fuel cells on both anode and cathode, due to its high activity for hydrogen oxidation and
oxygen reduction as well as its excellent stability.[27,28] To increase the available surface area
for electrochemical reactions, Pt is usually introduced as nanoparticles into the catalyst
layer to increase its specific surface to volume ratio. The Pt nanoparticles are supported
on carbon black, which enables high dispersions of the metal and avoids agglomeration as
well as ascertains good electrical conductivity throughout the electrode. In addition, the
carbon creates a porous structure in the catalyst layer to enable gas transport.[29,30] An
exemplary electron microscope image of a catalyst particle is shown in figure 1.5.
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Figure 1.4: General degradation of PFSA ionomers by the main chain unzipping mechanism
following the mechanism proposed in Ref[23].

Carbon blacks are available in a variety of different structures, with differences in sur-
face area and pore size distribution as well as in the degree of graphitization. They are
usually prepared by pyrolysis or incomplete combustion of carbon containing precursors
and classified as furnace, channel, thermal or lamp black. Carbon blacks usually form
primary, spherical particles of about 5-400 nm diameter from graphitic planes, which in-
tergrow or overlap to form a branched network referred to as secondary structure (see
figure 1.5).[30–33] This secondary structure is mechanically highly stable and in the process
of catalyst layer fabrication, leads to the desired, high porosity of the final catalyst layer.
The degree of graphitization, the size of the primary particle and the amount of secondary
structuring ultimately affects the surface properties of the carbon black material. In ge-
neral, the BET surface area ranges from about 60 m2/g for a relatively dense ”Acetylene
Black” with large, 40 nm diameter primary particles, to 1500 m2/g for ”Black Pearls 2000”
with about 10 nm primary particles and a large micropore volume.[30,34] For fuel cell ap-
plications, the most widely used carbon supports are ”Vulcan XC-72” with a BET area of
250 m2/g and ”Ketjenblack” with a BET area of about 800 m2/g due to its higher micro-
pore volume.[30,35,36] Beside the morphology and structure of the carbon support, its surface
properties, e.g., polarity or hydrophilicity, are of major importance. In section 3.1, the be-
neficial effect of a surface treatment of a commercial carbon support with -NHx moeities
on fuel cell performance is presented. The increased performance is attributed to a better
ionomer distribution during catalyst layer fabrication due to increased interaction of the
positively charged carbon surface with the negatively charged sulfonic acid groups of the
ionomer.[36] In addition to common carbon materials, new types of supports with defined
pore geometries, so-called ordered mesoporous carbons, were developed and tested for fuel
cell applications.[37–39] Their beneficial effect on fuel cell performance will be described in
more detail in section 1.2 (page 19).

Several different synthesis methods exist to deposit Pt nanoparticles on the carbon
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1 Introduction

100 nm

carbon primary particle

catalyst particle

Figure 1.5: Scanning electron microscope image (50000× magnification) of a primary carbon
black agglomerate used as a support for a Pt catalyst. The assembly of fused carbon primary
particle agglomerates in an electrode creates a porous network (secondary agglomerate structure)
providing sufficient void volume (average pore size of 50-200 nm) for gas transport in the catalyst
layer. Image recorded by Katia Rodewald, Wacker Chair of Macromolecular Chemistry, TUM.

black that are based on electrochemical methods, wet chemical redox reactions or im-
pregnation-reduction techniques.[40–42] Attributed to the well controllable synthesis and
the good scale-up potential, the industrial production of catalysts mainly focuses on
impregnation-reduction techniques or wet chemical redox reactions. Depending on the
type of catalyst and the annual production, the estimated catalyst cost for automotive
applications varies between about $30/gcat for a Pt alloy cathode catalyst at low annual
production to about $10/gcat for a pure Pt/C catalyst at high annual production. For a
car with a total amount of about 15 g platinum (anode and cathode), and a loading of
30%wt Pt on carbon for the cathode catalyst and 20%wt Pt on the anode catalyst, this
would translate to roughly $1500 of catalyst costs for an automotive fuel cell stack at
low manufacturing numbers of 1000 units per year, however decreases to about $700 at
production volumes of 500000 units per year.[13]

Lowering the catalyst costs whilst maintaining the overall performance requires a re-
duction of the noble metal content, accompanied by an increased activity and surface area
of the catalyst. The activity of platinum for the oxygen reduction is affected by the expo-
sed facets of the Pt crystallites, which in turn is influenced by the Pt particle size as the
ratio of each crystal plane changes with particle size and shape.[43,44] Furthermore, the ad-
sorption strength of oxygen species onto the Pt surface changes with particle size, leading
to different ORR activities for different particle sizes.[45,46] In general, the activity of Pt
surfaces (in adsorbing electrolytes, e.g., H2SO4 (aq) or sulfonic acid ionomer) decreases in

8



1.1 Proton exchange membrane fuel cells

the order of Pt(110)>Pt(100)>Pt(111) and with decreasing particle size, imposing a lower
limit of feasible particle sizes (about 3–5 nm).[43–48]

In addition to particle size and crystal plane effects on the ORR activity of pure pla-
tinum, the ORR activity is strongly increased by the introduction of other metals to form
Pt alloys. The field of catalyst optimization by alloy formation has developed strongly
in the past decades, bringing together theoretical modeling for the identification of the
most active and stable alloys,[49–52] high throughput synthesis and characterization to vali-
date theoretical calculations as well as advanced characterization techniques to determine
reaction mechanisms.[53,54] The currently most frequently applied Pt alloys as cathode ca-
talyst for the ORR are PtNi and PtCo alloys due to their good stability and excellent
activity of about 1000 A/gPt compared to 200 A/gPt for a pure Pt catalyst (referenced at
0.9 V, room temperature and O2 saturated 0.1 M HClO4).[28,55,56] It is for these reasons
that first commercial fuel cell products (e.g., the Toyota Mirai fuel cell vehicle) and fuel
cell cost predictions are based on this type of catalyst.[13] Besides binary alloy nanoparti-
cles with varying composition, advances in ORR activity have been made by introducing
ternary (or quaternary) platinum alloys or controlling the alloy particle shape to promote
ORR activity.[57–61] As described above for pure platinum crystal planes, the ORR activity
also depends on the surface planes for Pt alloys, hence the catalyst performance can be in-
creased by selectively creating nanoparticles with the preferred crystal plane surfaces. For
Pt3Ni alloys, the most active plane is the (111) plane, outperforming a pure Pt catalyst
surface by a factor of ten.[62] As this surface plane is exclusively terminating octahedrally
shaped particles, the shape-controlled synthesis of Pt alloy particles has developed to a ma-
jor research field for catalyst optimization.[58,63,64] Yet, the high mass activity of catalysts
does not necessarily translate into superior fuel cell performance, as its implementation
into an MEA imposes several other constrains as described in section 1.2.

For any fuel cell application, the catalyst not only needs to be highly active, but needs
to have a sufficient durability under operating conditions. It is well known that Pt catalysts
degrade during operation and that this degradation occurs on several levels, namely the
degradation of the Pt active surface area – introducing a kinetic penalty – or degradation
of the carbon support, leading to an increased mass transport resistance and hence lower
performance at high current density. The degradation of the cathode catalyst is usually
much more severe compared to the anode catalyst, which is attributed to the change of
the cathode potential upon load cycles of the fuel cell, resulting in voltage cycles imposed
onto the cathode catalyst. For this reason, voltage cycling is a frequently applied tool to
study and estimate the durability of cathode catalysts and MEAs. In contrast, the anode
potential usually stays close to the hydrogen potential.[65] Catalyst degradation can be
studied by rotating disk electrode (RDE) experiments, however the results may not always
be directly compared to the degradation occurring in an MEA due to the different amount
of water and ionomer per catalyst surface in wet electrochemical tests (in an aqueous acid)
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compared to tests in an actual fuel cell.[66] Hence, the best estimation of fuel cell durabi-
lity can be obtained from accelerated stress tests (ASTs) of MEAs in single-cell fuel cells
(5-50 cm2 active area) or in actual fuel cell stacks (typically so-called ”short-stacks”, with
10-20 full active area MEAs). The most common ASTs cycle the potential in triangular
waves (TW),[65–72] square waves (SW),[68,72–74] or a combination thereof (triangular wave
with hold, TW-H).[75,76] The repeated potential change leads to oxidation/reduction cycles
of the Pt surface, which ultimately results in a dissolution of ionic Pt species from the metal
surface. The ions can diffuse through the ionomer phase and redeposit on existing Pt parti-
cles – a process referred to as Ostwald ripening – or they can diffuse towards the membrane,
where they are reduced to metallic platinum by hydrogen which is crossing over from the
anode compartment.[65] As smaller particles are more susceptible to dissolution, Ostwald
ripening will lead to an increase of the average particle size, thus a decrease of the electro-
chemically available surface area.[72] A decrease of available Pt surface area is also observed
when the Pt ions are reduced in the ionomer film/membrane phase, resulting in electrically
insulated Pt particles. These Pt deposits can be easily visualized post-mortem by different
imaging techniques like transmission or scanning electron microscopy.[65,71,76] Furthermore,
the carbon support is thermodynamically unstable above 0.2 VRHE (considering CO2 as
reaction product),[77] even though the sluggish kinetics of the carbon oxidation reaction
(COR) enable its use as catalyst support in fuel cells under normal operating conditions
(<1 Vcell).[78] Unfortunately however, certain operating conditions like the hydrogen/air
front passing through the anode during start-up or shut-down (SUSD) can create high
voltages on the cathode (�1.5 V), leading to severe carbon corrosion accompanied by the
so-called cathode catalyst layer thinning.[79] This reduces the void volume in the catalyst
layer, hence increasing the resistance for oxygen transport, ultimately leading to a severe
decrease of performance. In addition, carbon corrosion can lead to a detachment of Pt
particles from the support, rendering them electrically disconnected, thus decreasing the
active surface area for catalysis.

Gas Diffusion Layer – The outermost layer of an MEA is the gas diffusion layer, GDL,
which is in contact with both the flow field and the catalyst layer of the CCM. Its purpose
is manifold, namely to distribute the gas from the flow channel evenly towards the catalyst
layer surface as well as to transport produced water from the electrode back towards the
flow field. In addition, the GDL is important for heat removal from the electrode and
is indisputably necessary to create electrical contact between the catalyst layer and the
flow field/current collector. For these reasons, the GDL must have good thermal and
electrical conductivity, as well as a high porosity for gas transport while having a low
contact resistance towards the flow field and the catalyst layer.[80] In general, a GDL is
composed of a gas diffusion substrate, GDS, which usually consists of a carbon fiber paper
that may or may not be woven and a microporous layer which is made of carbon black or
similar material. The optimization of the GDL is an important determining factor for high
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1.1 Proton exchange membrane fuel cells

current density performance of the fuel cell, for which good transport of gaseaous O2/H2O
and liquid water is crutial. For better water management, i.e., to avoid flooding of the pores
with liquid water, the GDS and/or MPL are hydrophobically treated with PTFE or similar
fluorocarbon polymers.[80,81] As the GDL is required to provide a two-phase flow, i.e., gas
transport towards the catalyst layer and liquid water transport away from it, large pore
sizes in the MPL were found to be advantageous due to the lower capillary pressure and the
more facile removal of water under wet conditions.[81] In addition to the properties of the
GDL itself, the assembly of the MEA into the hardware influences the fuel cell performance
as well. Higher compression of the GDL is advantageous due to a lower contact resistance,
however the concomitant decrease in porosity leads to poorer mass transport properties,
hence lower performance at higher current density. On the other hand, too low compression
of the GDL results in water accumulation between the MPL and the catalyst layer, which
also leads to a higher transport resistance.[82] The optimum performance was found to lie in
the range of 20% compression of the GDL in the case of most carbon fiber papers (e.g., from
Toray or Freudenberg). The compression for a laboratory scale cell is commonly adjusted
by choosing the appropriate thickness of the subgasket material, as all components except
the GDL are considered incompressible. For fuel cell stacks, the compression is achieved by
applying a certain pressure on the endplates and maintaining the displacement by fixation
straps.[13]

The prize for GDL materials is estimated at ≈$2000 for a 80 kW stack (about 8 m2 total
active area) at 1000 units per year (≈$120/m2), and $95/stack at 500000 units per year
(approximately 8 mio m2 total production per year). The relatively high price results
from the substantial energy demand for heat treating the GDS fiber material and is not
primarily due to high material costs.[13]

Structural components, sealing and flow fields

For laboratory scale experiments, the MEA is assembled into a single-cell comprised of
flow fields, sealing and gaskets, as well as endplates (see figure 1.2) The flow field is usually
made from graphite or a graphite composite with a flow pattern machined into its surface
for gas distribution over the active area of the MEA. Since the flow channel pattern, e.g.,
serpentine or straight channels, and the channel dimensions determine the pressure drop
across the cell hardware, the flow field is an important design parameter to influence the
fuel cell performance.[83] When the pressure drop across the cell is not correctly adjusted
to the desired operating range, e.g., cell pressure, flow or RH, water condensation within
the flow channel may occur, leading to a partial blockage of the catalyst layer, hence a
decrease in performance. On the other hand, a very high pressure drop induces a reactant
pressure gradient along the active area, rendering the quantification of fundamental kinetic
or transport parameters more complex and imprecise.[82] For automotive applications, the
flow field in a stack is designed as a bipolar plate, with one side of the plate being the
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anode of one MEA and the other side being the cathode of the adjacent MEA with cooling
channels in their center. The bipolar plate is usually made of stainless steel, titanium or
carbon/polymer composite materials due to their better large scale processability compared
to graphite plates.[84] For metal plates, the flow channels can be embossed or stamped,
followed by the addition of a corrosion protection layer, providing short cycle times for
mass production.[13,85]

The MEA is sealed gas-tight against the flow field or bipolar plate by rubber seals for
automotive applications and by a PTFE coated fiberglass gasket in most small-scale single-
cell experimental setups. The incompressible gasket is also used to control the compression
of the GDL by choosing the appropriate thickness for a desired displacement of the GDL.
The structural integrity of the assembly is assured by endplates which serve to distribute
the compression force evenly across the fuel cell stack or the single-cell. A copper current
collector is added between the endplate and the flow field to channel the electron flow,
while the cell voltage is usually measured directly at the flow field in the experimental
setup.

Cost analysis of an automotive fuel cell system

The cost estimations for each component described in the previous sections are summarized
in figure 1.6 as a pie chart at low (a) and high (b) manufacturing volumes of automotive
fuel cell systems.

BOP
4737 (33%)

Coolant gasket
418 (3%)

Subgasket
934 (7%)

Hot pressing
38 (0%)

GDL
1991 (14%)

CCM
acid wash
510 (4%)

PtNi catalyst ink
1890 (13%) Membrane

1604 (11%)

Bipolar plate
1707 (12%)

a) Total cost: $14146

Hot pressing
7 (0%)

BOP
1969 (56%)

Subgasket
96 (3%)

GDL
95 (3%)

CCM acid wash
10 (0%)

PtNi catalyst ink
611 (17%)

Membrane
128 (4%)

Bipolar plate
433 (12%)

b) Total cost: $3499

Figure 1.6: Cost estimation for a 80 kWnet (88 kWgross) automotive fuel cell system (based on the
year 2017) at 1000 units per year (a) and 500000 units per year (b), with the MEA components
highlighted by separation from the pie chart. The number specifies the component cost (in $US)
with the respective percentage of total cost given in parentheses. The graphs are made based on
data by James et al.[13]

At low manufacturing numbers of 1000 units per year, the fabrication cost of an au-
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1.1 Proton exchange membrane fuel cells

tomotive fuel cell system is estimated to be around $14000 of which the MEA accounts
to roughly half of the entire system, with the CCM contributing about 28% as the cost
for the membrane and Pt based catalyst are relatively high. In addition, the GDL has
a substantial contribution of 14% to the overall system cost. Small contributions to the
overall cost such as the current collector, the stack housing and others are not indepen-
dently labeled as their contribution is marginal. Beside the MEA fabrication, the bipolar
plates contribute a significant fraction of total cost, due to their complex fabrication and
the high number of required plates, i.e., one plate per MEA. The balance of plant (BOP)
consisting of, e.g., humidifiers, air/fuel and cooling loops, system controller and auxiliary
electric components contributes about 33% to the overall system cost.

At higher manufacturing volumes of 500000 units per year, the cost estimate for the
entire system amounts to $3499, with the main contributor being the BOP with roughly
56%. The cost share of bipolar plates remains at 12% due to the large number of required
plates, while the MEA fabrication cost is reduced to 27%. The largest share for a single
component arises from the Pt catalyst ink due to the high cost of platinum; the cost of the
catalyst does therefore not reduce significantly by an increased manufacturing volume and
may even increase when production increases. This analysis reveals the necessity to further
reduce the catalyst loading to decrease the overall system cost at high manufacturing
volumes.

In comparison to an internal combustion engine (with the same 80 kW power as the FC
system), where the estimated cost ranges between $28.5/kW ($2280 for 80 kW)[86] to $1691
for 80 kW ($531+$14.5/kW),[87] the price for the FC system is still significantly higher even
at 500000 units per year. As a direct comparison of different energy storage and propulsion
technologies, e.g., battery electric vehicle, FC electric vehicle, internal combustion engine
(ICE) vehicle or hybrids thereof, is difficult due to different system architectures, the
total cost of ownership (TOC) for the customer is usually estimated. Several studies with
different focus and cost assumptions have estimated that by the year 2030, the TOC for
fuel cell vehicles will be similar to internal combustion engines or battery electric vehicles
and that the most economic selection of the powertrain depends on the anticipated use
and driving range.[86,88] Hence, an implementation of FC vehicles appears reasonable from
a technological and economical point of view, its commercial success however depends on
customer preferences and the availability of a hydrogen refueling infrastructure.

1.1.2 Fuel cell chemistry

In the following section, relevant thermodynamic and kinetic aspects of fuel cell chemistry
are briefly described. The cell voltage, Ecell [V], at operating conditions, i.e., at a given
current density i [mA/cm2], can be calculated by subtraction of all known voltage loss
contributions according to equation 1.4 from the reversible cell voltage Erev.[89]
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Ecell = Erev − i · (Rmembrane + Rcontact)︸ ︷︷ ︸
RHFR

−ηHOR − |ηORR| − i · (R eff
H+,cath +R eff

H+,an)− ηtx (1.4)

Here, Rmembrane and Rcontact refer to the ionic and electric resistance from the membrane
and the contact resistances inside the cell, which are experimentally accessible by the high
frequency resistance, RHFR. The kinetic overpotentials for the hydrogen oxidation reaction
(HOR) on the anode and oxygen reduction reaction (ORR) on the cathode are termed
ηHOR and ηORR, respectively. Due to the fast kinetics of the HOR on Pt catalysts, the
overpotential on the anode is usually insignificant (ηHOR ≈ 0) and the reaction occurs close
to the membrane-electrode interface. Hence, the effective resistance for proton transport in
the anode, R eff

H+,an, is small, resulting in a negligible potential drop (i · R eff
H+,an ≈ 0). As the

overpotential for the ORR is substantial, the entire thickness of the catalyst layer is utilized
for the reaction, requiring extended proton transport across the thickness of the electrode.
The resistance for proton transport in the cathode catalyst layer is termed R eff

H+,cath and
contributes significantly to observed voltage losses. Note that Erev, ηHOR and ηORR are
calculated for the local electrode conditions (temperature, reactant concentration), howe-
ver, the evaluation is usually based on the conditions in the flow field. Consequently, a
resistance for species transport from the flow channel to the reaction site, ηtx, needs to be
incorporated. A graphical representation of the loss contributions is given in figure 1.7 for
a fuel cell polarization curve. It is evident that the most substantial loss arises from the
significant overpotential for the ORR (ηORR). In the following, each loss contribution is
described in detail.

The reversible cell voltage, Erev, is the difference between the cathode and anode re-
versible potential that follow the Nernst equation (equation 1.5) depending on the reactant
species, its activity, ai, and stoichiometric coefficient, νi, exemplarily shown for the hydro-
gen oxidation reaction 1.1. Here, EH2 denotes the reversible potential, while E0

H2 denotes
the reversible potential at standard conditions (298 K, reactant activity is unity), both
referenced to the standard hydrogen electrode (SHE). R denotes the universal gas constant
(8.3145 J/molK), T [K] is the temperature, n is the number of transferred electrons in the
reaction (n=2 for reaction 1.1) and F is the Faraday constant (96485 As/mol).

Ei = E0
i +

RT

nF ln
⎛
⎝∏i a

|νi|
i, oxidized∏i a
|νi|
i, reduced

⎞
⎠ EH2 = E0

H2 +
RT

2F ln
(

a2
H+

aH2

)
(1.5)

By convention, the cell potential is calculated by subtracting the potential of the anode
in a galvanic cell from the cathode potential, which in the case of the fuel cell reaction 1.3
is Erev = EO2 −EH2 . Writing the general Nerst equation (left equation in 1.5) for the HOR
and the ORR reaction and simplifying mathematically results in equation 1.6, relating the
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Figure 1.7: Fuel cell polarization curve recorded in a 5 cm2 MEA at differential flow of H2/air,
80◦C, 170 kPaabs and 100% RH (black circles). Each loss contribution, namely the ohmic re-
sistances, RHFR, the resistance for proton transport in the cathode catalyst layer, R eff

H+,cath and
the oxygen transport resistance, ηtx, are subtracted from the measured curve and compared to
a purely kinetically limited polarization curve (orange diamonds). This curve was calculated
from catalyst specific properties (imass

0.9 V=101 A/g, ECSA=56 m2
Pt/gPt) and a cathode loading of

0.4 mgPt/cm2. The discrepancy between the fully corrected polarization curve and the kinetically
predicted is termed ΔEunassigned.

reversible cell voltage, Erev, to the activity of H2, O2 and H2O.[90]

Erev = E0 + RT

2F ln
⎛
⎝aH2 · (aO2)

1
2

aH2O

⎞
⎠ (1.6)

E0 represents the reversible H2/O2 cell voltage at standard conditions and can be
calculated according to equation 1.7 from the Gibbs free energy change, ΔGR = ΔGf

H2O −(
ΔGf

H2 +
1
2ΔGf

O2

)
for reaction 1.3, for which the free energies of formation, ΔGf

i , can be
conveniently obtained from thermodynamic tables.

E0 = −ΔGR

nF (1.7)

However, care must be taken as the free energy of formation not only depends on
temperature but also on the physical state, i.e., liquid or gaseous state. When the product
water is considered as a liquid, ΔGR equals 237.13 kJ/mol which corresponds to a standard
potential of 1.23 V.[91] In this case, the activity of water is defined according to equation 1.8
as the ratio of the partial pressure of water, pH2O, and the saturation vapor pressure, psat

H2O,
respectively. This relation is also referred to as relative humidity, RH.[89]

aH2O = pH2O

psat
H2O

≡ RH (1.8)
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When water is considered in the gaseous state (ΔGR = 228.57 kJ/mol) the standard
potential is 1.18 V while the water activity is defined acording to equation 1.9. Here,
the activity, ai, is defined as the reactant’s partial pressure, pi, divided by the reference
pressure, p0 = 101.13 kPa.[90,91]

ai =
pi

p0 (1.9)

The potential drop at a given current density, i, due to contact resistances, Rcontact,
and ionic/ohmic resistances in the membrane, Rmembrane, can be determined from the high
frequency resistance, HFR, obtained from AC impedance analysis, typically as the high
frequency intersect of the impedance data with the real axis in a Nyquist plot.

As the reaction kinetics of the HOR are very fast on Pt surfaces in acidic medium,
the overpotential ηHOR is usually negligible.[27,92] On the other hand, ηORR is substantial
and can be calculated by equation 1.10 with the hydrogen crossover current, ix,H2 [A/cm2],
the cathode catalyst layer Pt loading, LPt, cath [mgPt/cm2], the electrochemically active
surface area (ECSA), APt [m2

Pt/gPt], and the catalyst specific exchange current density at
a given temperature and oxygen partial pressure, i0

ORR,(T,pO2 ) [A/cm2
Pt].[89,93] The product

of LPt, cath and APt is often referred to as the roughness factor, rf [cm2
Pt/cm2], for which

the number 10 in equation 1.10 is a unit conversion factor.

ηORR = 2.303 ·RT

αc ·F︸ ︷︷ ︸
T S

· log

⎡
⎢⎢⎢⎢⎣

i + ix,H2

10 · LPt, cath · APt︸ ︷︷ ︸
rf

· i0
ORR,(T,pO2 )

⎤
⎥⎥⎥⎥⎦ (1.10)

The first term in equation 1.10 corresponds to the Tafel Slope, TS, where αc denotes the
cathodic transfer coefficient (describing the symmetry of the energy barrier and the number
of exchanged electrons in the rate determining step). The catalyst specific exchange current
density can be calculated by equation 1.11 from the specific exchange current density
normalized to reference conditions, i0,ref

ORR, (Tref=80◦C, pref
O2=101.3 kPa) using the reaction

order, γO2 (≈0.5) with respect to the O2 partial pressure and the activation energy for the
ORR at zero overpotential, Eref

act, ORR (≈67 kJ/mol).[93,94]

i0
ORR,(T,pO2 ) = i0,ref

ORR ·
(

pO2

pref
O2

)γO2

· exp
[−Eref

act, ORR

RT
·

(
1 − T

Tref

)]
(1.11)

The determination of i0
ORR,(T,pO2 ) can become erroneous due to considerable extrapola-

tion errors from the measurement range of 0.7-0.9 V to the reversible potential (≈1.2 V),
since inaccuracies of Tafel Slope determination would lead to a significant deviation at zero
overpotential. Hence, it has become widely accepted to determine the catalyst activity at
0.9 ViR-free, where usually little or no extrapolation is needed.[94] In general, the specific
activity at 0.9 ViR-free, 80◦C, and 100 kPaabs O2, normalized to the available Pt surface is
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termed ispec
0.9 V in this thesis. In addition, referencing the catalyst activity to these typical me-

asurement conditions (temperature and gas partial pressure) avoids the inaccuracies when
using thermodynamic and kinetic parameters to transpose activities to other conditions.
Incorporating the above assumptions, a purely kinetically limited cell voltage of a fuel cell
in the absence of ohmic and mass transport losses can be calculated by equation 1.12 with
the apparent (sum of thermodynamic and kinetic) reaction order, m (0.75), the activation
energy at 0.9 V, E0.9 V

act, ORR (≈10 kJ/mol), the partial pressures, p*
i and temperature, T *,

at the measurement conditions of the specific activity and the partial pressures, pi and
temperature, T at the desired modeling conditions.[94]

EORR = 0.9 − 2.303 ·RT

αc ·F

· log

⎡
⎢⎢⎢⎣ i + ix,H2

10 · LPt, cath · APt · ispec
0.9 V ·

(
pO2
p*

O2

)m

·
(

pH2
p*

H2

)(αc/2)
· exp

[−E0.9 V
act, ORR
RT

·
(
1 − T

T *

)]
⎤
⎥⎥⎥⎦ (1.12)

Any difference between a measured iR and H2-crossover corrected polarization curve
and one predicted by equation 1.12, must be due to transport resistances represented by
the last two terms in equation 1.4, i.e., proton transport in the cathode catalyst layer and
oxygen mass transport from the flow channel towards the reaction sites in the cathode
electrode (see page 14).

The proton conduction resistance across the electrode can be estimated from impedance
spectroscopy according to Liu et al.[95] by using a transmission line model to determine the
catalyst layer proton sheet resistance, RH+,cath.[96] The effective proton transport resistance,
Reff

H+,cath, needs to be calculated according to equation 1.13 as the utilization of the catalyst
layer, hence the position of the reaction front to which protons need to travel, will depend
on the proton resistance in the layer and the activity of the catalyst. The correction factor
ζ correlates with the dimensionless factor of iRH+,cath/TS, which represents the ratio of
proton transport resistance over kinetic resistance and is related to the electrolyte phase
potential.[93]

Reff
H+,cath =

RH+,cath

3 + ζ
(1.13)

The overpotential arising from oxygen transport, ηtx, can be calculated from the total
oxygen mass transport resistance, Rtotal

O2 , according to equation 1.14, derived by Zirhul et
al.[74]

ηtx =
RT

F ·
(1
4 +

γO2

α

)
·

(
pO2 − RT

4F · Rtotal
O2 · i

pO2

)
(1.14)

Here, γO2 represents the kinetic reaction order of the ORR with respect to the partial
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pressure of oxygen (γO2=0.54). The total oxygen transport resistance can be calculated
from limiting current measurements according to a method developed by Baker et al. where
the transport resistance is defined as the oxygen concentration difference, Δc, from the flow
channel to the electrode surface, divided by the molar flux of oxygen, NO.[97] The molar
flux can also be expressed in terms of a current, i, according to equation 1.15.

Rtotal
O2 = Δc

NO

= 4FΔc

i
(1.15)

At limiting current conditions, i.e., at i = ilim, the oxygen concentration at the electrode
surface is zero, hence Δc becomes equal to the concentration of oxygen in the flow channel.
This oxygen concentration can be rewritten with the dry mole fraction of oxygen, χdry

O2 and
the total gas pressure, which corresponds to the total pressure, ptotal, minus the partial
pressure of water, pH2O, resulting in equation 1.16.

Rtotal
O2 =

4F · χdry
O2 · (ptotal − pH2O)

ilim ·RT
(1.16)

Determining Rtotal
O2 at different pressures enables the differentiation between pressure

dependent transport resistances (R PD
O2 ) in the gas phase, i.e., intermolecular diffusion in

large pores, from pressure independent transport resistances (R PI
O2 ) i.e., diffusion in small

pores, in liquid water or in the ionomer phase.[97] The importance of differentiating the
transport resistances is explained in more detail in section 1.2.

With the previous explanations, all voltage loss contributions to the cell voltage ac-
cording to equation 1.4 of a fuel cell operating at certain conditions (e.g., H2/air, 80◦C,
100% RH, 170 kPaabs) have been described, and a so-called voltage loss analysis can be
performed. This was also used for the publications described in chapter 3. In these ca-
ses, the measured cell voltage, Ecell, at any current density, i (in H2/air configuration) is
corrected by the potential drop due to the ohmic resistance, iRHFR, due to resistance of
proton conduction in the catalyst layer, iReff

H+,cath, and due to the transport overpotential,
ηtx, which is summarized in equation 1.17.

Ecorrected = Ecell + iRHFR + iReff
H+,cath + ηtx (1.17)

The corrected voltage Ecorrected can then be compared to the purely kinetically limited
voltage, EORR, calculated by equation 1.12 to determine the unassigned voltage losses
Eunassigned = EORR − Ecorrected. In the case of accurately calculated loss contributions,
perfect overlap of both curves should occur in the entire current range. However, unassigned
voltage losses may remain at high current density as can be seen in figure 1.7 (dashed
surface), pointing to inaccuracies of the in situ determination of the here described loss
contributions.
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1.2 Striving for high current density operation
Increasing the high current density performance while lowering the Pt loading in a fuel
cell is the best way to reduce the size and cost of the fuel cell stack. On the one hand,
a lower platinum loading directly reduces material costs, while on the other hand, the
reduced active area allows to reduce the required amounts of membrane, GDL material, and
other structural components. As this target is a multidimensional optimization problem,
researchers from the fields of catalyst and ionomer synthesis as well as system engineers
need to closely collaborate for a successful implementation. In the following, several aspects
of performance limitations on the level of catalyst and catalyst layers are discussed.

As described in section 1.1.1, the catalyst activity for the oxygen reduction reaction
can be increased by alloying and controlling the shape of the Pt particles. In principle, a
higher activity (increased ispec

0.9 V) by one order of magnitude should lead to a decrease in
overpotential (ηORR) by TS [V] according to equation 1.12 and thus to better polarization
curves . However, a high mass activity determined in a rotating disk electrode (RDE) setup
in liquid electrolyte, which is the primary screening tool for catalysts in the development
phase, does often not translate into an improved MEA performance.[6,98,99]

One problem that has been identified is attributed to the low catalytic surface area
of these alloys (≈25-50 m2

Pt/gPt),[58,59] hence to a low rf value of the catalyst layer. For
pure platinum catalysts, it was shown that the pressure independent transport resistance,
which is attributed to oxygen diffusion through water or ionomer, increases significantly
with decreasing rf,[76,100–102] which was later proven for alloy based catalysts as well.[98] This
observation appears to result from a higher local flux of oxygen to the Pt surface through
the ionomer film covering the catalyst particle; this is summarized in figure 1.8. Thus, it
is clear that a high surface area of catalyst needs to be available to minimize the losses,
even though the reason for the substantial losses at low rf still remains unclear.

One hypothesis is related to a large oxygen transport resistance for diffusion through
the ionomer phase. However, the average thickness calculated for a homogeneously distri-
buted ionomer film in the catalyst layer of a few nanometers is unlikely to result in the
observed losses based on the oxygen permeability of the bulk ionomer phase. Hence, it was
hypothesized that a very thin ionomer film behaves significantly differently compared to the
bulk material.[19,101] This hypothesis could not be validated for ionomer thicknesses down
to 50 nm[103] and led to the assumption of an additional transport resistance arising from
the contact of the ionomer with the Pt surface, termed a Pt interfacial resistance.[101,102]

Molecular dynamics (MD) studies modeling the ionomer structure in the vicinity of plati-
num revealed significant variations in polymer density and oxygen permeability, pointing
towards a non-linear behavior of oxygen permeability at the Pt-ionomer interface, suppor-
ting this hypothesis,[104,105] while some propose a potential dependence of the transport
resistance due to anion adsorption.[106] In contrast, other modeling studies suggest that the
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Figure 1.8: a) Pressure independent transport resistance, R PI
O2 , for different catalyst materials

as a function of the cathode electrode roughness factor, rf. Data for Pt/C catalysts from Harzer
et al.[76] are shown as orange and blue stars and R PI

O2 values from Kongkanand et al.[6] are shown
for Pt/C (×), PtCo/C (◦), Pt-ML/Pd/C (+) and NSTF with 2–4 nm ionomer coatings (�).
Inset sketches depict the local transport resistance towards the Pt surface. Hypothetical oxygen
flux for low Pt loaded (b) and high Pt loaded (c) catalyst layers according to Owejan et al.[102]

higher resistance for low loaded catalyst layers arises from their lower vaporization capa-
bility, i.e., their inferior ability to reject produced reaction water through the gas phase,
leading to an early onset of catalyst layer and GDL flooding, which results in a higher
apparent diffusion coefficient of oxygen.[107]

Apart from theoretical approaches, several experimental studies focus on the influence
of ionomer properties on fuel cell performance. Firstly, a lower equivalent weight of the
ionomer has been reported to result in lower MEA performance at high current density
at both high and low RH.[108] Although not fully explained by the authors, these obser-
vations could be due to stronger water absorption of the ionomer, resulting in higher O2

transport resistance through the liquid film, or due to a stronger adsorption of sulfonic
acid groups leading to a higher interfacial resistance. Although ionomers with low EW
show increased proton conductivity, their oxygen transport properties seem to be of grea-
ter importance.[108] Another approach is to replace the sulfonic acid endgroup of the side
chain (strongly adsorbing on Pt surface) by different ionic end groups. One new type of
ionomer is terminated by sulfonimide acid end group, which show weaker adsorption on
platinum, hence better ORR activity.[109] In addition, their bulk proton conductivity and
oxygen permeability is higher compared to Nafion type ionomer.[110] A similar concept
is the backbone modification of the ionomer by ”spacer”-moieties to increase the oxygen
permeability while keeping the sulfonic acid end groups. The less dense packing of the
ionomer on the catalyst results in an approximately two-fold increase in gas permeability
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and enhanced fuel cell performance.[111]

It is clear that the scientific debate about the ionomer and its impact on the observed
resistances is still ongoing, and that a better understanding of thin ionomer films and their
interplay with the catalyst itself is needed to further increase the high current density
performance of PEMFCs. Nevertheless, it is obvious that a high ORR mass activity alone
is not sufficient to reach fuel cell performance targets but that a high catalyst surface area
is just as much needed as a well-designed catalyst layer containing an ionomer best suited
for the desired operating conditions.[6]

The first part of this thesis was devoted to a better understanding of catalyst and
catalyst layer properties with respect to their influence on fuel cell performance. Most fuel
cell models are based on the assumption of a thin and homogeneously distributed ionomer
film over the entire surface area of the carbon support. However, for non-catalyzed carbon
support, it could be shown by TEM images that the ionomer is not homogeneously dis-
tributed (at least in the carbon/ionomer composite electrode prepared in this study) but
that parts of the carbon are left uncovered while ionomer is found to agglomerate in other
parts, depending on the amount of ionomer used. In addition, the authors claim that no
significant difference was observed when the carbon support contained Pt particles, even
though high resolution TEM tomography was not possible any more in this case.[112] To
begin with, our analysis focuses on the ionomer film distribution and the implementation
of electrochemical techniques to assess ionomer film quality in situ. As an inhomogeneous
distribution of ionomer would lead to ionically disconnected parts of the catalyst in certain
areas while other parts would be covered with a thick ionomer layer resulting in high O2

diffusion resistance, the quality of the ionomer distribution on the carbon support should
at least be reflected by the outcome of an overall voltage loss analysis.[36] This follows the
reasoning that the total voltage loss can only be quantitatively assessed when each contri-
bution is accurately measured and valid under different operating conditions. For example,
quantification of Reff

H+,cath and Rtotal
O2 is based on assuming a homogeneous ionomer distri-

bution, so that incorrect values would be determined if this is not the case. An indication
for an inhomogeneous ionomer distribution would be a significant ECSA variation with
RH. This results from the fact that proton conductivity in the absence of ionomer can be
ascertained though a liquid phase at high RH but not on a dry carbon surface. As the
temperature of the catalyst layer increases with current density (higher current density,
i.e., lower voltage, hence more heat production), the local RH decreases, making parts of
the Pt surface area unavailable if not sufficiently covered with ionomer.

By increasing the interaction between the ionomer and the carbon surface through
carbon surface modification, the ionomer distribution is expected to be improved, reducing
the unassigned voltage losses compared to a unmodified catalyst by about 50% to only
40 mV (see section 3.1, page 37).[36] This also leads to an increased high current density
performance, attributed to the optimum balance of proton conduction through a thin and

21



1 Introduction

homogeneous ionomer film that does not pose a substantial O2 transport resistance. From
these results it becomes clear that the ionomer distribution in the catalyst layer is of
significant importance for optimum fuel cell performance.

In addition to the influence of the catalytically active metal, i.e., pure Pt or Pt alloy,
and the ionomer distribution in the catalyst layer, the morphology of the carbon support is
known to strongly affect the performance of a fuel cell. In general, the mass/specific activity
of a catalyst on high surface area carbon, e.g., Ketjenblack, is higher compared to the same
catalyst on a low surface area support, e.g., Vulcan, when measured in an MEA.[39,113]

This relates to the fact that on a high surface area carbon, a substantial amount of Pt
particles (≈60%[113]) is located inside the carbon primary particles, where they are not in
contact with ionomer.[39,113–117] It has been shown that the contact of ionomer with the
Pt surface leads to a reduced activity due to anion adsorption.[118] Although the catalyst
particles are not in direct contact with the ionomer, they are still able to contribute to the
ORR through the ionic connection generated by a water film at sufficiently high humidity.
However, proton and oxygen transport into a relatively deep pore filled with water is rather
limited, hence the contribution from these particles is only visible at low current density,
i.e., in the region where the kinetic activity is determined, but vanishes at higher current
density.

On the other hand, a low surface area carbon supported catalyst shows superior high
current density performance, although having lower catalytic activity resulting from iono-
mer poisoning. The simplest explanation is the reduced mass transport resistance as the
oxygen does not need to diffuse into the pore of the carbon particle to reach the active site.
As almost the entire platinum surface area is located on the outside of the carbon surface,
all particles can contribute to the current density at high rate.[113,117] In addition, as the
catalyst utilization in this case does not change significantly with RH,[115,116] the available
surface area of platinum does not change at high current density, i.e., at higher tempera-
ture and lower local RH of the catalyst layer. For Pt inside the pores of high surface area
carbon, the lack of ionomer contact probably impedes their ability to contribute to the
ORR at dry operating conditions due to the absence of proton conducting pathways.

The above described differences in performance have always been ascribed to differences
in the morphology of the carbon black support. However, the results have only pointed
towards the influence of the Pt particle location, i.e., inside or outside the pores of the
carbon black support, and not towards a direct involvement of the carbon black itself.
For this reason, we investigated the influence of Pt particle location on the identical high
surface area Ketjenblack, by preferentially depositing Pt on the inside or the outside of the
support. This was achieved by implementing different synthesis methods (see section 3.2,
page 57).[76] The same trends for catalytic activity and performance as described above
were found, namely that a catalyst with Pt particles on the inside of the support shows
good mass activity but poor high current density performance and vice versa for a catalyst
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Figure 1.9: Schematic representation of the expected correlation between ionomer (blue), cata-
lyst (silver or blue/red) and carbon support (black) and their influence on high current density
performance of MEAs, outlining the conceptual pathway for a catalyst with both high ORR
activity and good high current density performance.

with Pt particles located on the outside of the carbon particles. This study disproves
the hypothesis that it is the carbon support which affects high current density fuel cell
performance, but relates it unambiguously to the location of the Pt particle, either on the
exterior surface or within the pore of the carbon support primary particle. Therefore it is
clear, that the Pt particle location determined by the synthesis method of the catalyst is
an additional parameter that needs to be optimized in order to achieve good high current
density performance.

The currently expected relations between ionomer, catalyst and carbon support as well
as their influence on high current density fuel cell performance are summarized in figure 1.9.
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The following experimental section will give additional, detailed information, especially
focusing on describing proper handling of materials and minimizing problems when working
with fuel cell test equipment. Details on experimental procedures specific to each topic
can be found in the respective publications in chapter 3.

2.1 Preparation of materials
General material handling – To enable efficient lab work and avoid excessive material
scrap by incorrectly cutting from the supply roll, all materials are pre-cut and stored
in a folded paper in separate plastic bags. In general, all materials delivered as a roll
are cut with a roller blade on either a PVC board (for thick material, e.g., GylonR© or
Fiberflon R©>80 μm) or a metal board (for thin foils, e.g., KaptonR© or FiberflonR©<80 μm)
using a blade guide to enable straight cuts over the entire roll width. For narrower roll
widths, a guillotine trimmer is used. Not cutting the entire width from the roll should be
avoided as it creates more edges which are prone to kinks, ultimately leading to higher
amounts of scrap material. If the material is very sensitive to contamination (membrane
without a second protective layer), it is placed into a PE bag to avoid contact to any
surfaces during cutting. In addition to the time benefit of having material at the right size
available, the supply roll does not need to be handled for each MEA preparation, hence
the risk of contamination or accidents during material handling is reduced. Table 2.1
provides an overview of the materials needed and their size for the preparation of 5 and
50 cm2 MEAs.

Catalyst powders are only handled wearing a lab coat, nitrile gloves and a respiratory
mask (class FFP3). As catalyst powders can ignite upon contact with alcohol and other
easily oxidized solvents, all catalyst powder residues are immediately wetted with water and

Table 2.1: Sizes of materials required for the preparation of 5 cm2 and 50 cm2 MEAs. The
number in parentheses represents amount of cutting dies on one plate.

Cut to size [cm] Cut from roll [cm]
Cell size [cm2] Membrane KaptonR© Gylon R© Fiberflon R© Decal GDL

50 10 × 10 11 × 11 10 × 10 11 8.5 8.5
5 7 × 5 8 × 6 7 × 5 8.5 11 (4×4) 9 (3×3)
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later disposed off in a separate, self-extinguishing, metal waste container. The immediate
wetting also reduces the risk of raising catalyst dust.

GDLs, decals and subgaskets are preferentially cut with the automated hydraulic press
(Collin P200 PM, Collin GmbH), as the pressure distribution is more homogeneous com-
pared to a manual press and as the applied force can be adjusted more precisely, avoiding
cutting too deep into the backing plate. All materials should be cut in a way that the side
which will later face the membrane (e.g., MPL side of GDL), is facing the blades during
cutting. This creates a burr which is pointing away from the membrane, reducing the risk
of membrane punctuation during CCM fabrication and MEA assembly.

Ink fabrication – The ink composition is based on mass fractions, nevertheless liquids
are added by volume with an Eppendorf pipette for convenience. An overview of general
catalyst compositions is given in table 2.2. For catalyst ink preparation, 16.5 g of 5 mm
ZrO2 beads (VHD ZrO, Glen Mills Inc.) as grinding medium are weighed in a 15 mL capped
HDPE bottle. The catalyst powder is weighed on a weighing paper and transferred into the
bottle. Then, water is added by pipetting the appropriate volume and controlling the added
weight on the balance. The total weight of the bottle is determined so that the amount
of added solvent can later be calculated. The required amount of solvent (1-propanol, 2-
propanol, acetone, etc.) is weighed in a separate HDPE bottle. To avoid catalyst ignition
upon mixing, both bottles are transferred into a nitrogen purged glovebox where the mixing
is being performed. Trapped air in the catalyst powder is removed by repeatedly (3 times)
tapping the closed bottle to the workbench, opening it and carefully shaking it to replace
the gas phase inside. The solvent bottle is shaken and opened three times to remove
trapped air. Subsequently, the solvent is poured quickly into the catalyst containing bottle.
This fast addition of the relatively cold solvent dissipates any produced heat more quickly,
reducing the risk of ignition. For easily ignitable catalyst powders, pre-cooling of the
solvent may be appropriate. The catalyst bottle is removed from the glovebox, the added
weight is determined and adjusted if necessary. As the catalyst cannot ignite when fully
wetted, this solvent adjustment does not require inert atmosphere. For accurate weighing,
it is advised to determine the weight of the closed bottle as the evaporation of solvent will
not allow the precision balance to reach a steady reading. Lastly, the ionomer solution is
added by pipetting the appropriate volume with an Eppendorf pipette, verifying the final
weight on the balance. Then, the bottle is closed and the lid and body of the bottle is
wrapped with Parafilm R© to increase friction on the roller mill and avoid unscrewing of the
cap. Care must be taken to avoid ParafilmR© on the faces or edges of the bottle as this
might result in them falling off the roller mixer. Mixing is usually done for 18 h at about
60 rpm and room temperature (25◦C). The correct mixing speed is reached when a clicking
noise is produced from the beads.

Decal fabrication – Decals are produced by coating the ink onto virgin PTFE foil
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Table 2.2: General composition of catalyst inks for the manufacturing of decals by the Mayer
rod technique. I/C refers to the ionomer to carbon mass ratio and was varied for different studies.
The carbon content of the ink is adjusted in the given range to achieve optimal viscosity for the
coating process.

Catalyst I/C [g/g] Vink [mL] carbon content of
ink [mgC/mLink]

water content
of ink [%]

20%wt Pt/Vulcan 0.25 – 1.00 5 30 – 32 ≈16
50%wt Pt/Vulcan 0.65 – 1.00 5 35 – 40 ≤10%
20%wt Pt/Ketjenblack 0.40 – 1.00 5 22 – 30 ≤10%

(50 μm) using the Mayer rod technique. Therefore, a sheet of PTFE foil is cleaned from
both sides and adhered to a glass plate by isopropanol. The top edge of the foil is addi-
tionally fixed by scotch tape over the entire length. Care must be taken to not trap air
bubbles or dust underneath the foil and that no kinks or wrinkles are present on the sur-
face as this would result in an inhomogeneous coating. To avoid that edges of the foil are
caught by the rod during the coating process, it is cut to a slight V-shape, which becomes
narrower in the coating direction. The catalyst layer loading is adjusted by the wet film
thickness of the Mayer rod (K Bar, RK PrintCoat Instruments Ltd, usually rod 100-150).
The appropriate Mayer rod is fixed into the coating machine without using the additional
weights, making sure that it is in contact with the foil over the entire length. Then, the
ink is added with a disposable plastic pipette in front of the Mayer rod (touching its sur-
face), while the required amount depends on the wet film thickness and ink viscosity. Care
should be taken that no bubbles are introduced into the ink, as they may be transferred
onto the coating. For best coating results, the viscosity of the ink should be adjusted to a
slightly flowing, honey-like texture, which is influenced by the carbon content of the ink.
The coating speed setting on the machine (K Control Coater, RK PrintCoat Instruments
Ltd) is set to two. A good criterion for optimum ink viscosity is when the stripes produced
from the coating rod wires vanish a few seconds after the rod has spread the ink. If the
stripes persist after drying, the ink viscosity was too high; if no stripes are visible during
coating and the desired loading is not reached, the viscosity is too low. To get the most
coating area from an ink, it is possible to pour the rest of the ink (which cannot be removed
with the pipette) with the ZrO2 beads onto the foil and perform the coating. This may
however lead to poor quality coatings.

After the coating is removed from the coating machine, it is dried in air, followed by
drying at 80◦C in an oven. The quality of the coating is evaluated by shining light from
the back to identify any inhomogeneity in the coating. A good coating is characterized by
an even surface which entirely blocks the light passing through. Then, the desired decal
size (5 or 50 cm2) is cut in the automated press with a cutting die, whereby the coating
side should face the blades. The decals are stored in a folded paper in a plastic bag for
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later use.

CCM assembly and hot-pressing – The CCM assembly is done on a glass plate
to ascertain a clean working area. Several of the decals required for CCM fabrication are
put in a petri dish, covered by a GDL to avoid rolling up, and dried at 80◦C for at least
one hour. Then, two sheets of KaptonR© (25 μm) are cleaned and adhered to the glass
plate with isopropanol. The surfaces are dusted-off by pressurized air. The anode decal is
weighed, dusted-off and put on the KaptonR© foil with the electrode side facing up. Next,
the membrane is put over the decal, ensuring that no membrane wrinkles are present on
the active area. To avoid contamination of the membrane, the second KaptonR© foil is
added, covering the assembly. Then, the cathode decal is weighed, dusted-off and inserted
between the Kapton R© and the membrane with the electrode side facing the membrane and
perfectly aligned with the edges of the anode decal. Labeling the KaptonR© foil is necessary
to identify the respective electrode after hot-pressing.

The electrode-membrane stack is put between two sheets of Gylon R© (Type 3545, 2 mm
thick, GarlockR©, ENPRO Industies Inc.) as pressure leveling layer and hot-pressed at
155◦C for three minutes and an applied pressure of 0.11 kN/cm2

Gylon R© . The temperature
is chosen to be above the glass transition temperature of the polymer to allow it to flow
and create a connection between the membrane and the ionomer contained in the catalyst
layer. After hot-pressing, the KaptonR© foil is partially removed to peel off the decal and
label the cathode side on the edge of the membrane with a pen. By weighing the decal after
the transfer, the mass of the catalyst layer is determined. From the ink composition and
the catalyst layer weight, the platinum (mgPt/cm2) and carbon (mgC/cm2) loading of the
catalyst layer is calculated. Knowing the specific packing density of carbon in the catalyst
layer, determined from SEM cross sections (22±4 μm/(mgC/cm2)),[76] the thickness of the
catalyst layer is calculated. Covering the CCM, especially the catalyst layers with the
KaptonR© foil, helps to avoid contamination during handling.

MEA assembly – The CCM is assembled in the test hardware with PTFE coated
fiberglass gaskets (FiberflonR©, Fiberflon GmbH) as sealing material and to adjust the
compression of the GDL. The thickness of the gasket is determined to allow a 20±1%
thickness reduction of the GDL while assuming that the electrodes are incompressible and
using a compressibility of 7% for the gasket. First, the GDL needs to be inspected for
substrate fibers that are sticking out, as they are easily able to puncture the membrane,
rendering the CCM unusable. Then, the thickness of each GDL is measured with a touch
sensitive digital micrometer (Mitutoyo series 543) at five different locations. From the
average GDL and electrode thicknesses, the thickness of the gaskets is calculated which
is measured at 9 positions around its perimeter close to the active area. The CCM is
assembled in the test hardware with the MPL side of the GDL facing the electrodes.
Lastly, the hardware is tightened with a torque of 12 Nm. The electric resistance between
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the flow fields measured by a multimeter gives a first indication about MEA integrity if
resistances above 2.5 kΩcm2 are obtained. Lower resistances point towards a short circuit
by, e.g., a GDL fiber.

Fuel cell measurements – Fuel cell test are performed on customized, automated test
stations (G60, Greenlight Innovation) equipped with a 120 A load bank (N3301A, Agilent
Technologies) and potentiostat (Reference3000, Gamry Instruments). All measurements
are performed using the Emerald automation software.

The fuel cell is connected to the test station (gas lines, thermocouples, load bank/poten-
tiostat connections, heater and cooling fan) and the cathode is purged at high flow rates
(>5000 nccm, e.g., emergency purge) with nitrogen. After a few minutes, the anode flow is
turned on to high flow rates. This procedure minimizes the possible cathode degradation
due to H2/air fronts in the anode. Then, the gas tightness of the cell is tested by applying
100 kPag pressure (N2/N2), turning off the flow and monitoring the pressure decay of the
cell over 2 minutes. A pressure drop of less than 5 kPa is tolerable during this time.

2.2 Electrochemical techniques
MEA conditioning – To activate the MEA and remove possible contamination from the
manufacturing process, all MEAs are conditioned prior to testing by a voltage-controlled
ramp-in procedure. It consists of a repeated sequence of holding the potential for 45 min
at 0.6 V, at OCV for 5 min, and for 10 min at 0.85 V, repeating this procedure for ten
cycles in H2/air (flows of 1390/3320 nccm) at 80◦C, 100% RH, and 150 kPaabs. After this
procedure, reproducible and close to maximum performance is obtained. For performance
testing, an MEA recovery step should be implemented before each polarization curve to
recuperate from reversible voltage losses. Failing to do so will lead to lower catalytic
activity and reduced MEA performance. The recovery procedure consists of a hold time
in H2/air (2000 nccm/5000 nccm) at 0.3 V for 2 h at 40◦C, 270 kPaabs, and 100% RH.

ECSA determination – The ECSA of catalysts is either determined from the H-
desorption and H-adsorption charge (HUPD) or from CO stripping. Exemplary voltam-
mograms are shown in figure 2.1. The measurements are performed at 40◦C as higher
temperatures lead to less defined features in the cyclic voltammogram (CV), while lower
temperatures cannot be controlled satisfactorily by the test station. Prior to ECSA eva-
luation, CVs of the cathode electrode are recorded between 0.07 and 1.00 VRHE at a scan
rates of 50, 100 and 150 mV/s at ambient pressure, while the ECSA is determined from
CVs with a upper potential of 0.6 VRHE (avoiding contributions from Pt oxide reduction),
averaging the H-desorption and H-adsorption charge (using the same scan rates as above).
The integration limits are set to the onset of hydrogen evolution at the low potential limit
and to the double layer capacity at the high potential limit (see figure 2.1). A specific

29



2 Experimental methods

charge of 210 μC/cm2
Pt is used for the conversion. The anode (counter/reference electrode)

is fed with 5% H2 in N2 at 200 nccm during the measurement. The working electrode
(cathode) is first purged with dry N2 (500 nccm; dry bypass, humidifier isolation valve clo-
sed), while the flow is interrupted for the measurement. This avoids any oxygen reduction
currents arising from oxygen residues in the gas lines, which would compromise the later
evaluation of the CV.
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Figure 2.1: Cyclic voltammograms for the determination of the ECSA from both HUPD and
CO stripping for a 50%wt Pt/C catalyst (TEC10V50E, TKK; Vulcan carbon support) with the
integrated areas shown in gray. a) CVs conducted at a scan rate of 150 mV/s from 0.07 to
1.00VRHE (black line) and 0.07 to 0.60VRHE to determine the ECSA (red line) at ambient pressure
and 40◦C, 200 nccm of 5% H2 (in N2) on the anode (counter and reference electrode) and no flow
on the cathode (working electrode). b) CO stripping voltammogram (black line) with subsequent
scan (red line) at a scan rate of 100 mV/s to 1.10 VRHE at 150 kPaabs and 40◦C (constant flows
of 200 nccm 5% H2 (in N2) on the anode and 5 nccm N2 on the cathode).

Prior to any CO stripping experiment, the cathode humidifier needs to be free of oxy-
gen, as traces of oxygen might lead to chemical CO oxidation during the purging procedure.
For this reason, the humidifier is flushed with nitrogen at various flow rates and pressures
for about 40 min. The CO stripping experiment is done by adsorbing CO (10% CO in N2,
100 nccm) at 40◦C and 150 kPaabs for 10 min while maintaining the cathode potential at
0.1 VRHE. The CO needs to be removed quantitatively from the cell and the gas lines, for
which a purging procedure is implemented. During about 1.5 h, the CO line, adjacent lines
for other gases (depending on the type of test station) and the entire cathode manifold is
purged at various flow rates with nitrogen. The adsorbed CO is oxidized by a CV from
the holding potential to 1.2 VRHE at a scan rate of 100 mV/s with a flow of 5 nccm dry
nitrogen on the cathode to maintain the pressure. To verify the full oxidation of CO and
its removal from the system, two additional sweeps are recorded. By integration of the first
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anodic scan with the subsequent scan being the baseline, the ECSA is calculated, using a
specific charge of 420 μC/cm2

Pt.

Fuel cell performance measurements – Performance measurements are conducted
with differential flow conditions, i.e., at high reactant stoichiometries (>10). This mini-
mizes gradients in gas concentration and RH, as the change in reactant concentration is
negligible at such high flows and ascertains more defined measurement conditions com-
pared to stoichiometric flow (S < 2) relevant for automotive applications. Polarization
curves with 5 cm2 MEAs are recorded in current-control mode at 80◦C and at constant
flows of 2000 nccm of H2 on the anode and 5000 nccm of O2, air, or 10% O2 (in N2) on
the cathode. The gas feed of anode and cathode is operated in counter-flow configuration.
The inlet to outlet pressure drop at these conditions in anode and cathode is about 2 and
22 kPaabs, respectively, including the supply lines to the cell. Firstly, the cell potential is
held at 0.75 V for 15 min to reduce Pt oxides prior to recording a polarization curve from
low to high current density (20 mA/cm2 to 2000 mA/cm2). This pre-conditioning is requi-
red to obtain a metallic Pt surface with higher activity compared to a partially oxidized
surface. The conditions at each current density measurement point (temperatures of cell
and humidifiers, pressures and flows) are held constant for at least 10 min with a tolerance
of ±1 K and ±3 kPaabs. The resulting voltage and current density is then averaged over
the final 30 s.

Determination of kinetic parameters – The ORR kinetics (mass activity, specific
activity, and Tafel slopes) are determined from H2/O2 polarization curves after correcting
the potential for the iR-drop, using the high frequency resistance (HFR), correcting the
current for the ohmic short of the membrane and the H2 crossover current (ix,H2) and
normalizing to the surface area or mass of Pt. Galvanostatic electrochemical impedance
spectroscopy (GEIS, normal sample mode) is recorded at each current density point in the
frequency range from 100 kHz to 10 Hz, with an AC amplitude of 10% of the momentary
current setpoint (limited to a minimum/maximum of 0.1/3 A). The H2 crossover and
ohmic short is determined at the identical conditions as the polarization curve for which
the corrections will be applied, i.e., at the same temperature, pressure and RH, however
in H2/N2 configuration. The anode flow is set to 600 nccm, while the cathode flow is set
to 150 nccm of dry N2. By using the dry bypass on the cathode, reductive currents due
to oxygen residues from the humidifier are avoided, while the comparatively high flow on
the anode provides sufficient humidification of the membrane and catalyst layers. A linear
regression of the current recorded at constant potentials of 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 V
for 2 min each (averaging the final 30 s) provides ix,H2 as the y-axis intersect and the slope
corresponds to 1/Rshort. Representative graphs of the determination of the HFR and ix,H2

are shown in figure 2.2.
The proton conduction resistance of the cathode, RH+,cath (in units of Ωcm2), is de-
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Figure 2.2: a) Galvanostatic electrochemical impedance spectroscopy (GEIS) of a 5 cm2 MEA
with a 15 μm thick, reinforced membrane (cathode: 0.4 mgPt/cm2, TEC10V50E; anode:
0.1 mgPt/cm2, TEC10V20E) recorded at 170 kPaabs, 80◦C, and 100% RH at OCV and 2 A/cm2,
with the high frequency resistance (HFR) determined from the x-axis intersect. b) H2 crossover
measurement of the same MEA recorded at 170 kPaabs, 80◦C, and 100% RH with the average
current at each potential and the regression analysis to determine the H2 crossover current, ix,H2 ,
and the ohmic resistance of the cell (Rshort).

termined from AC impedance spectra recorded in H2/N2 (anode/cathode) 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).
To ensure reproducibility, each measurement is repeated three times at each condition: 100,
70, 50, and 30% RH, while maintaining constant gas partial pressures (i.e., at cell pressures
of 270, 255, 246, and 236 kPaabs, respectively) under differential flow conditions (H2/N2 at
1000/1000 nccm) at 80◦C. The resulting experimental data is fitted to an equivalent circuit
comprised of a resistor (R1) corresponding to the HFR, a restricted linear diffusion element
(Ma, 2) corresponding to RH+,cath and a modified inductor, La, 3, for the cell inductance.
The “Z-fit” impedance fitting tool from EC-Lab (V10.44, Bio-Logic Science Instruments)
is used. Representative measurement data (solid lines) with the corresponding fits (dashed
lines) are shown in figure 2.3. At low RH and for low I/C mass ratios, it may not be pos-
sible to obtain reasonable fits to the transmission line model, thus the proton conduction
resistance is determined by a linear regression analysis as shown in figure 2.3.

Once all the correction terms are determined, the evaluation of the H2/O2 polarization
curve (see figure 2.4 a) for the kinetic parameters can be performed. Firstly, the current is
corrected for the hydrogen crossover and short current (icorrected = imeasured + ix,H2 + Ecell

Rshort
),

normalized to the amount of Pt in the catalyst layer (LPt) and transferred into a logarithmic
scale (figure 2.4 b). Then, the measured voltage is corrected by the HFR (EHFR-free = Ecell+
i · RHFR) and the effective proton transport resistance in the cathode (EHFR,Reff

H+,cath
-free =
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Figure 2.3: Potentiostatic electrochemical impedance spectroscopy (PEIS) recorded for diffe-
rent RH (solid lines) at 0.2 V, H2/N2 (1000/1000 nccm), 80◦C and constant gas partial pres-
sures (i.e., at cell pressures of 270, 255, 246, and 236 kPaabs, respectively) for a 5 cm2 MEA
with 15 μm thick membrane (cathode: 0.06 mgPt/cm2, 20%wt Pt/V-NHx, I/C=0.25; anode:
0.1 mgPt/cm2, TEC10V20E). Dashed lines show the corresponding fit to the transmission line
model (50-100% RH ) or the linear fit approach in the case of low RH (30%), when a fit to the
transmission line model is not satisfactory. The data is obtained from Orfanidi et al.[36]

EHFR-free + i · Reff
H+,cath). From a linear regression analysis restricted to the current density

points from 50 to 500 mA/cm2, the mass activity, imass
0.9 V, is obtained by inter/-extrapolating

to 0.9 V. This current density range is applied to minimize errors in the analysis, as the
lower limit is chosen to be 10 times higher than the hydrogen crossover current, while the
upper limit is generally not yet affected by the oxygen mass transport resistance.

The total mass transport resistance, Rtotal
O2 , is determined from limiting current mea-

surements at 80◦C and 100% RH. Measurements at lower RH (70%) were also used but
showed no difference for Rtotal

O2 . Differential flow conditions (2000 nccm of H2 and 5000 nccm
of O2/N2 mixtures) are used. The dry mole fraction of oxygen in the cathode is altered
from 4 to 24% O2 in N2, while the limiting current is determined at cell potentials of 0.30,
0.15, 0.10, and 0.05 Vcell for 2 min each. Lower dry mole fractions of oxygen would in
principle be desirable, however, the accurate measurement by the test station is not gua-
ranteed. To disentangle pressure-independent, R PI

O2 , and pressure-dependent, R PD
O2 , oxygen

transport resistances, limiting current measurements are conducted at 170, 270, 350, and
500 kPaabs. The analysis is performed according to Baker et al.[97]
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Figure 2.4: a) Polarization curve for 50%wt Pt/C catalyst (TEC10V50E) at a cathode loading
of 0.4 mgPt/cm2 under differential flow of H2/O2 (2000/5000 nccm), 80◦C, 170 kPaabs and 100%
RH. b) Tafel representation of the polarization curve with the applied corrections for the H2
crossover and short current, the HFR (blue triangle) and proton resistance in cathode (orange
star). The dashed black line corresponds to the linear regression performed through the indicated
points and is used to determine the Tafel slope (here 71 mV/dec) while the dotted line shows the
determination of imass

0.9 V.

2.3 Further experimental methods
In addition to MEA characterization on fuel cell test stations, other characterization techni-
ques have been applied which will be described briefly in the following.

TGA

Thermogravimetric analysis (TGA) of materials was performed with a TGA/DSC 1 instru-
ment (Mettler Toledo). In short, the sample is weighed into an Al2O3-crucible (THEPRO
GbR) and covered by a lid with hole. Generally, the sample weight is adjusted to around
10 mg. Samples are heated in argon or oxygen to quantify the amount of volatile surface
groups or combustible carbon to determine the Pt loading.

Elemental analysis

Elemental analysis is done at the central analytic lab of the department. CHNS analyses
are performed using a EURO EA analyzer (Hekatech) and determination of platinum is
done photometrically using a UV 160 photometer (Shimadzu).
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N2-sorption

The surface area of materials is evaluated by N2 physisorption at 77 K using an Autosorb-
iQ instrument (Quantachrome). Prior to the measurement, all samples are degassed under
vacuum (90◦C for 15 h). Adsorption and desorption isotherms are recorded in the relative
pressure range of 10−5 ≤ (p/p0) ≤ 0.995, with p being the gas pressure and p0 the satura-
tion pressure. For sufficient accuracy, a sample weight equivalent to a minimum absolute
surface area of >10 m2 is used. The specific surface area and pore volume distribution
are calculated by the Brunauer-Emmett-Teller (BET) method and by the quenched solid
density functional theory (QSDFT) method, respectively (using the ASiQwin program).

XRD

X-ray diffraction (XRD) is used to determine crystal compositions and estimate crystal
sizes by the Scherrer equation. A Stadi P (Stoe & Cie) diffractometer with a Mythen 1K
areal detector (Dectris Ltd.) and Cu Kα1-radiation (λ(Kα1)=1.54059 Å, 50 kV, 30 mA,
Germanium (111) monochromatized) is used. The sample preparation is either done as
capillary (0.5-0.7 mm, Hilgenberg) or as flat bed using scotch tape.

MEA cross-section by SEM

The thicknesses of MEAs are determined from cross-section images, obtained by scanning
electron microscopy (SEM). Generally, MEAs are cut in quarters, fixed in a Teflon holder
and embedded in epoxy resin (EpoThin 2 resin and hardener, Buehler Ltd.). In a desicca-
tor, gas bubbles are removed by lowering the pressure. After hardening overnight, the resin
block is removed from the holder and ground on SiC grinding paper (CarbiMet S, P280,
Buehler Ltd.) to a flat sample surface. This sample preparation method was developed by
Philipp Rheinländer, a PhD student of the group. SEM (JCM-6000PLUS NeoScope, Jeol)
images with a magnification of 2000× are taken in backscattering mode at 15 kV accelera-
ting voltage. Ten arbitrarily chosen locations for each quarter of an MEA are chosen for
the analysis. A more accurate thickness determination is obtained by integration of the
electrode area with ImageJ (version 1.51j8) and dividing by the length of the image. This
enables the analysis of the entire image as opposed to a single point measurement.

TEM

Transmission electron microscopy (TEM) is used to determine the Pt particle size distri-
bution and location on the carbon support. Electron microscopy samples are prepared by
dispersing the catalyst in water and depositing a few drops of the suspension onto carbon-
coated Cu400 TEM grids (Science Services). A Philips CM100 EM operated at 100 kV at
a resolution of 0.5 nm is used for imaging. Evaluation of Pt particle size distribution is
done by measuring >400 individual particles using the software ImageJ (v. 1.51j8).
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3 Published Work

In this section, the journal articles comprising this PhD thesis are presented thematically,
rather than in chronological order of publication. Firstly, a strategy for increasing the
high current density performance of PEM fuel cells is presented in section 3.1 which was
addressed by increasing the homogeneity of the ionomer in the catalyst layer by a surface
modification of the carbon black support. Following the surface modification approach,
the publication presented in section 3.2 extends the previous research by investigating the
influence of the location of Pt particles on the surface of the support. Lastly, the durability
of catalyst layers in accelerated stress tests with different voltage profiles is presented in
section 3.3 while special focus is put on the evaluation of their oxygen mass transport
resistance. Additionally, the impact of the catalyst layer loading and carbon support
corrosion is investigated.

3.1 The Key to High Performance Low Pt Loaded
Electrodes

In this section, the article ”The Key to High Performance Low Pt Loaded Electrodes”[36]

is presented, which was submitted in November 2016 and accepted for publication in The
Journal of The Electrochemical Society in March 2017 as an open access article, distributed
under the terms of the Creative Commons Attribution 4.0 License (CC BY). The perma-
nent web link to the article is http://jes.ecsdl.org/content/164/4/F418. This paper was
presented e.g., at the 6th European PEFC and Electrolyser Forum in Lucerne, Switzerland
in July 2017 (abstract number: B0405).

In this manuscript we show the impact of ionomer distribution in the catalyst layer on
the fuel cell performance and how a homogeneous ionomer distribution can be obtained
by a surface modification of the carbon support. Firstly, the synthesis approach for the
surface modification of Vulcan carbon by -NHx groups is described. The hypothesis on
which this approach is based stems from the fact that the negatively charged sulfonic acid
groups of the ionomer would exhibit a better interaction with a positively charged carbon
surface in the fuel cell environment. By anchoring -NHx groups to the carbon surface which
can be protonated to cationic species in the acidic environment of the MEA, the strong
ionomer-support interactions would be expected to lead to a more homogeneous ionomer
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distribution over the catalyst surface. As a direct imaging of ionomer in the catalyst layer
by ex-situ techniques, e.g., TEM, is very difficult and may not represent the entity of the
catalyst layer, our characterization focuses on electrochemical testing. By ionomer free
RDE experiments in 0.1 M HClO4, we first confirm that the surface modification does not
lead to differences in catalyst activity for the ORR. Then, extended testing in 5 cm2 MEAs
reveals the superior performance of the surface modified catalyst. The proton conductivity
of the catalyst layer comprised of this catalyst is higher compared to a standard commercial
catalyst, while the oxygen mass transport resistance, Rtotal

O2 , is significantly lower. This is
explained by a thinner, more homogeneous ionomer film covering the entire catalyst surface,
which is further validated by MEA test with different I/C ratios. For a non-functionalized
catalyst, a stronger interaction of the ionomer with the hydrophilic Pt surface is expected,
which should lead to a higher transport resistance through the thick ionomer film.

The conclusion of this article is nicely summarized in Figure 7 (page F425), depicting
the influence of ionomer thickness and homogeneity on transport phenomena. Taking into
account the voltage losses that are accessible by in situ techniques, e.g., the high frequency
resistance, the proton resistance in the catalyst layer and the oxygen mass transport re-
sistance, a voltage loss analysis between the kinetically predicted performance and the
fully transport corrected measured polarization curve can be conducted, showing that mi-
nimal unaccounted losses are obtained in the case of the surface modified catalyst, while a
significantly larger discrepancy is observed for the standard catalyst.

Author contributions

A.O. and P.M. carried out catalyst synthesis and characterization. A.O., P.M., H.S. and
G.H. performed electrochemical testing and evaluated experimental results. T.K. perfor-
med XPS measurements and analysis. A.O., P.M., H.S. and G.H. drafted the manuscript.
All authors discussed the experimental results and revised the manuscript.
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The effect of ionomer distribution on the oxygen mass transport resistance, the proton resistivity of the cathode catalyst layer,
and the H2/air fuel cell performance was investigated for catalysts with surface modified carbon supports. By introducing nitrogen
containing surface groups, it was shown that the ionomer distribution in the cathodic electrode can be optimized to decrease mass
transport related voltage losses at high current density. The in house prepared catalysts were fully characterized by TEM, TGA,
elemental analysis, and XPS. Thin-film rotating disk electrode measurements showed that the carbon support modification did
not affect the oxygen reduction activity of the catalysts, but exclusively affects the ionomer distribution in the electrode during
electrode preparation. Limiting current measurements were used to determine the pressure independent oxygen transport resistance
– primarily attributed to oxygen transport in the ionomer film – which decreases for catalysts with surface modified carbon support.
Systematically lowering the ionomer to carbon ratio (I/C) from 0.65 to 0.25 revealed a maximum performance at I/C = 0.4, where
an optimum between ionomer thickness and proton conductivity within the catalyst layer is obtained. From this work, it can be
concluded that not only ionomer film thickness, but more importantly ionomer distribution is the key to high performance low Pt
loaded electrodes.
© The Author(s) 2017. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.1621704jes] All rights reserved.

Manuscript submitted November 28, 2016; revised manuscript received February 17, 2017. Published March 2, 2017.

Since 2015, proton exchange membrane fuel cell (PEMFC) elec-
tric vehicles (FCEVs) are emerging in the market. Despite the major
breakthroughs in achieving the durability and performance targets for
automotive applications, the cost of fuel cell stacks is still higher
compared to the competing internal combustion engines, which is
partly related to the cost and supply constraints of the platinum based
catalysts, especially for the air cathode (the fast kinetics of the hy-
drogen oxidation reaction allow for low anode Pt loadings without
compromising performance1). For large-scale commercial viability, it
has been estimated that the Pt loading, especially at the cathode needs
to be reduced below 0.1 mgPt/cm2geo.2,3

Over the past decade there have been numerous studies focusing on
the optimization of the catalyst layer and seeking to gain fundamental
insights into the various kinetic and transport resistances, which limit
the performance of air cathodes, particularly at low Pt loadings.4–8

While several methods were developed to quantify the voltage losses,
there still remain unexplained voltage losses at high current density,
particularly in the case of lowPt loading cathodes.9–14 These have been
rationalized by suggesting more complex oxygen reduction reaction
(ORR) kinetics with variable Tafel slope,4 by an interfacial resistance
at the ionomer/platinum interface,9,15 and/or by unusually high oxygen
transport resistances through an assumed homogeneous thin ionomer
film covering the Pt particles.16,17 However, recent high-resolution
transmission electron microscopy studies suggested that the ionomer
coverage in the electrode may be rather inhomogeneous18 and that
the solvents used for preparing catalyst inks for electrode preparation
influence the ionomer distribution in the final electrode, which in turn
affects MEA (membrane electrode assembly) performance.19 There-
fore, one of the challenges in preparing MEAs is to achieve catalyst
layers with a homogeneous ionomer distribution. This is not only ex-
pected to lead to maximumMEA performance, but also to allow for a
more quantitative assignment of the transport related voltage losses,
as all transport resistance measurements and voltage loss corrections
are based on assuming uniform ionomer distribution in the electrode.
In the following, we will show that a modification of the carbon

support of the platinum catalyst and an optimization of the ionomer
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content of the cathode catalyst layer result in a significant improve-
ment of the MEA performance with ultra-low Pt loadings (ca. 0.07
mgPt/cm2). We hypothesize that this is due to achieving a more ho-
mogeneous ionomer coverage on the carbon support (Vulcan XC72)
which we functionalized with amide/imide/lactam groups (–NHx),
which are known to ionically interact with the ionomer’s sulfonic acid
groups (–SO3H).20,21 This hypothesis is consistent with a very recent
conference report22 and with our finding that the unassigned MEA
voltage losses, i.e., after correction for the measured proton and oxy-
gen transport resistances, are reduced to unprecedentedly low values
in MEAs based on NHx-functionalized carbon supports.

Experimental

Carbon functionalization with NHx surface groups.—2 g of com-
mercially available Vulcan XC72 (Tanaka Kikinzoku Kogyo K.K.)
was mixed with 100 ml of 70% HNO3 (Sigma Aldrich, ACS reagent)
and then immersed into a pre–heated oil bath (70◦C, reflux conditions)
for 30 min. The carbon (further on referred to as “V-Ox”) was filtrated
and washed with hot water until neutral filtrate pH; then it was dried
in a vacuum oven for 12 h at 80◦C. Thereafter, 1 g of the sample was
placed in a tube furnace (Carbolite Gero GmbH & Co KG, Germany)
for 4 h at 200◦C under pure NH3 gas with a flow rate of 1 l/min to
prepare aminated Vulcan carbon (further on referred to as “V-NHx”).
This procedure closely follows that described by Jansen et al.23

Synthesis of ca. 20 wt% Pt/V-NHx.—300 mg of the aminated
Vulcan support, 200 ml of ethylene glycol, 100 ml of deionized water,
and 1.54 ml of H2PtCl6 (8 wt% H2PtCl6 in H2O (≡ 0.25 mol/l) from
Alfa Aesar) were placed in a round-bottom flask and stirred for 18 h
at 25◦C. Thereafter, the flask was immersed in a pre-heated oil bath at
120◦C and stirred for 2 h. The catalyst was separated by filtration and
washed with hot water until the filtrate was pH neutral and chloride
free; subsequently, the catalyst was dried in a vacuum oven at 70◦C
for 12 h.24 The final platinum loading was quantified by both TGA
and elemental analysis.

Microstructure of carbon.—The surface areas of the commercial
and aminated Vulcan carbon were evaluated by N2 physisorption at
77 K using a Autosorb-iQ instrument (Quantachrome, UK). All sam-
ples were degassed under vacuum at 90◦C for 15 h prior to physisorp-
tion measurements. Adsorption and desorption isotherms of all sam-
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ples were recorded in the relative pressure range of 10−5 ≤ (p/po)
≤ 0.995, where p represents the gas pressure and po the saturation
pressure. This specific relative pressure range was chosen in order to
ensure high resolution in the micro and mesopore region; to ensure
high accuracy, the sample weight was adjusted to have a minimum
absolute surface area of >10 m2. The specific surface area and pore
volume distribution were calculated by the Brunauer-Emmett-Teller
(BET) method and by the quenched solid density functional theory
(QSDFT)method, respectively (using theASiQwin program). The ad-
sorption branch was used for the BET surface area (best fit within 0.01
≤ (p/po) ≤ 0.25) using a multipoint fit. In addition, a slit/cylindrical
pore and adsorption QSDFT kernel was used for the characterization
of the nanopore size distribution (small mesopores and micropores
with <30 nm) of the carbons. It should be noted that QSDFT is more
accurate than other theories or non-local density functional theory
(NLDFT), as it takes into consideration the heterogeneity of the car-
bon surface and thus gives a more realistic estimate of the micro and
mesopores contribution.25,26

Transmission electron microscopy.—Transmission electron mi-
croscopy (TEM) was used to evaluate the Pt distribution on the carbon
support. Samples for TEManalysis were prepared by dispersing a very
small amount of the catalyst in deionized water and then depositing
a few drops of the suspension onto carbon-coated Cu400 TEM grids
(Science Services, Germany). Imaging was performed using a CM100
EM (Philips, Netherlands) operated at 100 kV and a resolution of 0.5
nm. For the evaluation of the average Pt particle size distribution, 230
individual particles were measured manually using ImageJ.

Thermogravimetric analysis.—Thermogravimetric analysis
(TGA) of the carbons (V, V-Ox, and V-NHx; all without platinum)
was performed with a TGA/DSC 1 (Mettler Toledo, Switzerland) in
pure argon at 5 K/min in order to quantify the amount of functional
groups on the pristine, oxidized, and aminated carbons. The Pt
content was also evaluated by TGA from the residual sample weight
after burning the carbon by heating the sample to 1000◦C under 83%
O2 in Ar atmosphere.
While the nominal Pt loadings for the here prepared catalyst (sup-

ported on V-NHx) and the commercial catalyst (supported on V) is
20.0 wt%, it is critical for this study to precisely quantify the Pt load-
ings, which we have done by TGA. The thus determined Pt content
of the here prepared Pt/V-NHx catalyst was 20.3 wt% and that of the
commercial Pt/V catalyst was 19.4 wt% (which was in perfect agree-
ment with the value provided by the manufacturing company, 19.6
wt%). For this study we used for the commercial Pt/V the Pt loading
provided by the manufacturing company.

Elemental analysis.—CHNS analyses were done using a EURO
EA analyzer (Hekatech, Germany), which is based on the dynamic
flash combustion technique. The Pt content was analyzed photomet-
rically using a UV 160 photometer (Shimadzu, Japan).

X-ray photoelectron spectroscopy.—Surface chemical anal-
ysis was accomplished by X-ray photoelectron spectroscopy
(Leybold−Heraeus LHS 10 XPS with a non-monochromatized Mg
Kα source). The powder samples were pressed and fixed onto a vac-
uum compatible copper foil adhesive tape. The spectra were recorded
at a constant pass energy of 100 eV, corresponding to an energy res-
olution of ∼1.1 eV. The measured C 1s peak at a binding energy of
284.5 eV indicates the absence of sample charging. All spectra were
recorded at a pressure below 5 · 10−8 mbar. The core level spectra were
fitted by Voigt functions after subtraction of a linear background.

Rotating disk electrode.—Electrochemical characterization of the
catalysts was done by the thin–film rotating disk electrode (RDE)
technique, comparing the intrinsic activities of commercial Vulcan
XC72 supported platinum catalyst (19.6 wt% Pt/V from TKK) with
that of the here synthesized Pt/V-NHx catalyst (20.3 wt% Pt). The
catalyst inks were prepared by mixing 7.8 mg of Pt/V in 5.57 ml of

DMF and 7.0 mg of Pt/V-NHx in 5.0 ml of DMF (both equating to
1.4 mgcatalyst/ml). Ink suspensions were bath-sonicated for 15 min.
No Nafion was added to the inks in order to ascertain the true mass
and specific activities of catalysts without any poisoning caused by
Nafion.27 5 μl of the ink was drop-cast onto a polished (0.05 μm
alumina, Bühler, Germany) and pre-cleaned stationary 5 mm diam-
eter GC electrode (Pine, USA), resulting in a catalyst loading of 36
μg/cm2. The electrode was covered with a beaker and the catalyst film
was dried overnight at room temperature in order to yield a homo-
geneous film. All electrochemical measurements were conducted in
a home-made three-electrode jacketed glass cell. The electrode was
attached to a rotator (Pine, USA), which was connected to a poten-
tiostat (Autolab, Germany). A reversible hydrogen electrode (RHE)
was used as a reference electrode, which was calibrated at the be-
ginning of each experiment. All measurements were done at 25◦C
in 0.1 M HClO4 which was prepared from 18 M� · cm Milli-Q wa-
ter (Merck Millipore, Germany) and HClO4 (60%, analytical grade,
Kanto Chemical, Japan). All gases (Ar, O2, and H2) were of 6.0 grade
(Westfalen, Germany). The reported potentials are referenced to the
RHE scale and are iR-free. ORR activities were extracted at 1600 rpm
from 20 mV/s anodic scans. Mass and specific activities are extracted
after applying the mass transport correction for RDE.28

Membrane electrode assembly preparation.—All 5 cm2geo mem-
brane electrode assemblies (MEAs) were fabricated using the decal
transfer method. Catalyst inks were prepared by mixing the catalyst
with a low-EW ionomer containing water-solvent dispersion (Asahi
Kasei, Japan, 700 EW (EW ≡ gpolymer/molH+)). The ink components
were added into a 8ml HDPE capped bottle containing 16.5 g of 5mm
ZrO2 beads in the following sequence: catalyst, water, 1-propanol, and
finally the ionomer dispersion. Thewater concentration in the inkswas
10 wt%, while the solid content was 0.03 g/mlink in order to obtain
a suitable viscosity for the coating process. Three ionomer to carbon
weight ratios (I/C) were used: 0.65, 0.40, and 0.25. The inks were
mixed by placing the bottles onto a roller-mill (60 rpm) for 18 h at
room temperature. Thereafter, the inks were coated onto virgin PTFE
using a mayer rod coater.
The noble metal loading of the cathode electrodes was ca. 0.07

mgPt/cm2geo (see details in Table III) for all cases. The loading of the
electrodes was determined by weighting the decals before and after
the catalyst layer transfer. The same anodes were used for all mea-
surements: 0.1 mgPt/cm2geo consisting of 19.6 wt% Pt/V (TKK) with
an I/C ratio of 0.65. The MEAs were assembled by hot pressing a 15
μm membrane (Asahi Kasei) placed between the anode and cathode
decals at 155◦C for 3 min with an applied force of 0.11 kN/cm2. All
inks and decals were manufactured twice to verify reproducibility.
For each MEA type, two independent fuel cell measurements were
conducted; the average value of the measurements with error bars
corresponding to the standard deviation are depicted in all figures.

Fuel cell operation.—The electrochemical measurements were
performed using a single-cell hardware purchased from Fuel Cell
Technologies Inc., fitted with 5 cm2geo active area graphite flow-
fields29 (0.5 mm lands/channels; made by Poco Graphite). The as-
sembling torque applied was 12 Nm and the compression of the gas
diffusion media (Freudenberg H14C7) was set to 20% by using in-
compressible fiber-glass PTFE sub-gaskets.
Fuel cell tests were performed on an automated Greenlight Inno-

vation fuel cell test station (type G60). All MEAs were conditioned
before each test using the same voltage-controlled ramp-in procedure
(H2/air flows of 1390/3320 nccm at 80◦C, 100% relative humidity,
and 150 kPaabs,inlet): 0.6 V for 45 min, 5 min at OCV, and 10 min at
0.85 V. This sequence was repeated 10 times, after which constant
performance was reached. Differential-flow polarization curves were
recorded in current-control mode at 80◦C, 170 kPaabs inlet controlled
pressure, 100% relative humidity (RH) for both reactants, and con-
stant flows of 2000 nccm of H2 and 5000 nccm of air or O2 (at these
conditions, the inlet to outlet pressure drop in anode and cathode are 2
and 22 kPa, respectively). Prior to recording a polarization curve from
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low to high current densities, MEAs were conditioned at 0.75 V for
15 min; each current density point was held for 10 min. and the result-
ing voltage was averaged over the final 30 s. AC impedance spectra
were collected at each current density to determine the respective high
frequency resistance (Gamry Ref3000 potentiostat).

Fuel cell diagnostic measurements.—The electrochemically ac-
tive surface area (ECSA) of the cathode electrode was evalu-
ated via cyclic voltammetry, averaging the H-desorption and H-
adsorption charge and using a reference value of 210 μC/cmPt2. The
counter/reference electrode was fed with 200 nccm of fully humidi-
fied 5% H2 in nitrogen, while the working electrode was first flushed
with dry N2, the flow of which was stopped during recording the CVs.
The potential was cycled at 150 mV/s between 0.03 and 1.0 V (vs.
RHE) at 40◦C and ambient pressure. The shorting resistance and the
H2 cross-over currents were measured with H2/N2 at 170 kPaabs,inlet,
80◦C, and 100% RH.
The proton conduction resistance in the cathode electrode was

determined by AC impedance (Gamry Ref3000 potentiostat) under
H2/N2 (anode/cathode) at 0.2 V, following previous work43 (peak-to-
peak perturbation of 3.5 mV between 500 kHz and 0.2 Hz, with 20
points per decade). Three spectra were collected at each condition to
verify reproducibility. Proton conduction resistances (RH+,cath) were
determined at 100, 70, 50, and 30% RH at 80◦C under differential
flow conditions (H2/N2 at 1000/1000 nccm), maintaining constant
gas partial pressures (i.e., at cell pressures of 270, 255, 246, and 236
kPaabs,inlet respectively). Under these operating conditions the pressure
drop over the flow field was negligible (<2 kPaabs), which resulted in
no change in the RH between the inlet and outlet of the cell.
The effective proton resistance ReffH+,cath (in units of � · cm2) was

calculated by using Equation 10 from Liu et al.42 and was used to
correct for the proton conduction resistance induced voltage loss. The
proton resistivity ρH+,cath (in units of � · cm) was calculated by divid-
ing the proton resistance (RH+,cath) by the cathode electrode thickness
(calculated from the well-known packing density of Vulcan carbon
based electrodes of 28 μm/(mgC/cm2)30).
The total mass transport resistance was derived from limiting

current measurements5,11 at 80◦C cell temperature and at 70% RH
under differential conditions (2000 nccm of H2 and 5000 nccm of
O2/N2 mixtures). The dry mole fraction of oxygen was altered from
0.5 to 24% O2 in N2, while the cell potential was set to 0.3, 0.15,
0.1, and 0.05 V for 2 min each. To quantify pressure-independent
and pressure-dependent oxygen transport resistances, limiting current
measurements were conducted at 170, 270, 350, and 500 kPaabs,inlet.
Under these experimental conditions there was no significant change
of the RH over the whole active area of the MEA. To be more precise,
the RH in the inlet of the cell was set at 70% for all cases, while
the resulting RH at the outlet was 68%, 70%, 71%, and 73% for the
170, 270, 350, and 500 kPaabs,inlet, respectively, based on the measured
pressure drop at a given flow rate and pressure as well as a water
production corresponding to 4 A/cm2geo.

Results

Carbon and catalyst characterization.—CHNS elemental analy-
sis (see Table I) was conducted in order to determine the function-
alization degree of the pristine Vulcan XC72 carbon (V), after its
oxidation (V-Ox), and after its subsequent amination (V-NHx). It is
well known that oxidation of carbon in concentrated HNO3 leads

Table I. Elemental analysis (CHNS) of the different carbon
supports.

Sample C [%] H [%] N [%] S [%]

V 98.8 ± 0.3 0.0 0.2 ± 0.3 0.5 ± 0.3
V-Ox 95.1 ± 0.3 0.1 ± 0.3 0.4 ± 0.3 0.5 ± 0.3
V-NHx 96.8 ± 0.3 0.2 ± 0.0 0.9 ± 0.0 0.5 ± 0.0

Figure 1. XP spectra of V and V-NHx carbons in the N 1s region.

to a surface functionalization with carboxylic, hydroxyl, and NOx
groups.31,32 Accordingly, the N-content of the oxidized Vulcan sup-
port is significantly higher than that of the pristine carbon (see Table
I). It further increases after the heat-treatment in NH3 to 0.9% (see
V-NHx in Table I), owing to the formation of amides/imides/lactams
upon reaction with NH3.23 With the increase in N-content, a simulta-
neous increase in the C-content is also seen (from 95.1 to 96.8 wt%),
which is due to the loss of less stable O-containing functional groups
during heat-treatment. The carbon content determined by CHNS anal-
ysis (see Table I) is in excellent agreement with that determined by
TGA analysis (see Figure S1).
The presence and nature of the N-containing functional groups

on the V-NHx support was examined by X-ray Photoelectron Spec-
troscopy (XPS). The broad peak at 399.8 eV (see Figure 1) is con-
sistent with the presence of imides/lactams/amides;33 while it is not
possible by XPS to distinguish between the different groups.34 The
pristine Vulcan XC72 carbon was also subjected to the same analysis
and, as expected, no N-containing surface groups could be detected
(Figure 1).
The microstructure of the pristine (V) and functionalized carbon

(V-NHx) was investigated via N2 adsorption isotherm, seeking to de-
termine any potential changes in the microstructure of the support by
the amination treatment, as this could affect the performance of the
catalyst in low Pt loaded electrodes.35 Table II depicts the results from
the BET and the QSDFT analysis. The total surface area estimated
by BET (first row in Table II) and QSDFT (i.e., the sum of micro
and mesopore areas from QSDFT analysis) are in perfect agreement.
QSDFT determines the contribution of the micropores and mesopores
to the total area (see experimental for more details). Using the IU-
PAC classification,36 the contribution of the micropores (<2 nm) and
the mesopores (>2 nm) to the total surface area was quantified (see
Table II and Figure S2). The area of the micropores is commonly
referred to as internal surface area, while the one of the mesopores
is referred to as external area of a carbon support. Functionalization
of the Vulcan carbon with NHx groups clearly results in a decrease
of the internal porosity of the carbon support (from 127 to 74 m2/g),

Table II. Surface area analysis of pristine Vulcan carbon (V) and
aminated carbon (V-NHx). 1st row: total surface area determined
by BET; 2nd and 3rd row: meso and micropore areas determined
by QSDFT.

Carbon Units V V-NHx

Surface area m2/gC 231 175

Mesopores m2/gc 102 101
Micropores m2/gC 127 74
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Figure 2. TEM micrographs and their corresponding Pt size distribution for: a. 19.6 wt% Pt/V and b. 20.3 wt% Pt/V-NHx.

without, however, affecting the external surface area of the carbon and
the mesopore size distribution (see Figure S2). The observed decrease
in micropore area was previously suggested to be due to the blocking
of micropores by functional groups.37

TEM micrographs of the commercial Pt/V and the here prepared
Pt/V-NHx catalyst were obtained to determine their Pt particle size
distribution. Representative micrographs and the corresponding par-
ticle size distribution histograms are shown in Figure 2. It is clear that
both catalysts exhibit a similar and reasonably narrow Pt distribution
over the carbon support (see also Figure S3), as well as similar average
Pt particle diameters of 2.4 ± 0.6 nm for the 19.6 wt% Pt/V catalyst
and of 2.2 ± 0.4 nm for the 20.33 wt% Pt/V-NHx, catalyst (see Table
S4).
No changes of the surface functionalization are expected to occur

during the Pt deposition procedure used in the present work, as was
demonstrated by XPS measurements in an earlier work.24

Evaluation of the ORR activity by RDE.—Thin-film RDE ORR
activity measurements were performed on the catalysts with func-
tionalized and non-functionalized carbon support. These were done
on a Nafion-free thin-film in order to avoid any poisoning of Pt due
to Nafion and to exclude any interaction of Nafion with the func-
tionalized catalyst. The obtained mass and specific activities are in
good agreement with the literature for Nafion-free films.27 Table III
shows that the ORR mass activity of the catalyst with the functional-
ized support (Pt/V-NHx) is the same as that of the non-functionalized
support (Pt/V), both also displaying the same Tafel slope (see Table
III and Figure S5). The specific activity of the Pt/V-NHx catalyst is
slightly higher than that of the Pt/V catalyst due to the difference in the
ECSA (see Table III). This clearly confirms that both catalysts have
essentially identical ORR activity and that the functionalization does
not significantly influence the ORR activity. Thus, any of the below
shown differences in the MEA performance of Pt/V vs. Pt/V-NHx can
be unambiguously attributed to the interaction between the ionomer
and the support.

Fuel cell characterization.—All cathode electrodes had similar Pt
loading (68–78 μgPt/cm2geo) and their detailed specifications, includ-
ing their electrochemically active surface area (ECSA) are summa-

Table III. Electrochemically active surface area (ECSA), ORR
mass (im), and specific (is) activity at 0.9 V, and Tafel slope (TS)
determined by RDE measurements (from the anodic going scan at
20 mV/s and 1600 rpm in O2 saturated 0.1 M HClO4 at 25◦C). All
data are corrected for iR and oxygen mass transport; the errors
represent the standard deviations from 3 independent experiments.

Catalyst ECSA [m2/gPt] im [mA/mgPt] is [μA/cm2Pt] TS [mV/dec.]

Pt/V 74 ± 2.4 548 ± 37 828 ± 26 56 ± 3.0
Pt/V-NHx 60 ± 0.5 614 ± 36 1036 ± 65 56 ± 2.0

rized in Table IV. The ionomer to carbonweight ratio (I/C) was altered
in order to highlight the role of the ionomer film thickness on the mass
transport resistance, as will be discussed further on. The uncorrected
H2/O2 differential flow performance curves at 80◦C, 100% RH, and
170 kPaabs inlet pressure as well as the corresponding HFR values
are depicted in Figure 3a. Figure 3b shows the H2/O2 performance vs
cathode Pt-mass normalized current density (in units of A/gPt), cor-
rected for the HFR, the effective cathode proton transport resistance
(ReffH+,cath; calculated from ρH+,cath in Figure 6a), and the H2 crossover
(4 ± 0.5 mA/cm2geo), i.e, an analogous correction which had been
applied previously.11 For each catalyst, two MEAs were prepared and
tested to check for reproducibility, with the error bars corresponding
to the standard deviation between those two measurements.
The ORR mass activity values (im) for the 19.6 wt% Pt/V and 20.3

wt% Pt/V-NHx based cathodes were extracted from Figure 3b and are
summarized in Table IV. As can be seen, the mass activities of the
Pt/V and the Pt/V-NHx catalysts are essentially identical, consistent
with the identical mass activities determined by RDE (see Table III).
In addition, to facilitate a better comparison with the literature, the
here obtained ORR mass activities at a total pressure of 170 kPaabs,inlet
(i.e., O2 and H2 partial pressures of 123 kPaabs,inlet) were also con-
verted to those ORR mass activities (im∗) which are obtained at a cell
pressure of 150 kPaabs,inlet (i.e., O2 and H2 partial pressures of 103
kPaabs,inlet) using Equation 12 from Ref. 38. The ORRmass activity of
all MEAs are in good accordance with literature values reported for
20 wt% Pt/V39 and other carbon supported catalysts.40 Tafel slopes
were determined from Figure 3b between 50 and 800 mA/cm2 (∼850
and ∼12500 A/gPt in Figure 3b), following the approach by Neyerlin
et al.,38 to only use current densities greater than 10 times the H2
crossover current density and up to below 1 A/cm2. The Tafel slopes
of all electrodes range between 72 and 76 mV/dec. (see Table IV),

Table IV. Cathode electrode Pt loadings (LPt) and I/C mass ratios,
their electrochemically active surface area (ECSA) determined
by cyclic voltammetry, and their ORR mass activity at 0.9 V,
80◦C, and 100% RH at the experimentally used H2 and O2
partial pressures of 123 kPaabs,inlet (im) as well as extrapolated
to H2 and O2 partial pressures of 103 kPaabs,inlet (im∗). The last
column shows the Tafel slopes. Mass activities and Tafel slopes
were obtained from Figure 3b, i.e., after correction for the HFR,
the effective proton conduction resistance in the electrodes, and
H2 crossover correction. The indicated variation represents the
standard deviation from two independent measurements.

LPt ECSA im im∗ TS
Catalyst I/C [μgPt/cm2geo] [m2/gPt] [A/gPt] [A/gPt] [mV/dec.]

Pt/V 0.65 68 ± 1 52 ± 2 119 ± 2 93 ± 2 76 ± 1
Pt/V-NHx 0.65 78 ± 2 55 ± 1 110 ± 6 86 ± 6 76 ± 0
Pt/V-NHx 0.40 74 ± 2 56 ± 3 127 ± 2 100 ± 2 72 ± 1
Pt/V-NHx 0.25 68 ± 4 59 ± 4 146 ± 8 105 ± 8 74 ± 1
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Figure 3. H2/O2 (2000/5000 nccm) differential flow performance of MEAs
with ultra-low Pt cathode loadings (68–78μgPt/cm2geo; see Table IV) at 80◦C,
100% RH, and Pcell = 170 kPaabs,inlet for the 19.6 wt% Pt/V cathode catalyst
at an I/C mass ratio of 0.65 (orange curves) and for the 20.3 wt% Pt/V-
NHx cathode catalyst at I/C mass ratios of 0.65 (purple), 0.40 (green), and
0.25 (light blue): a. uncorrected performance curves (left y-axis) with their
corresponding HFR (right y-axis); b. performance curves referenced to the Pt-
mass normalized current density corrected for HFR, H+ conduction resistance
in the cathode (ReffH+,cath), and the H2 crossover current. Anode Pt loading

were 0.1 mgPt/cm2geo and the error bars correspond to the standard deviation
between two independent measurements on two different MEAs.

and are thus quite close to their theoretical value of 70 mV/dec. (i.e.,
based on a transfer coefficient of α = 1), as reported by Neyerlin et
al.38 Larger Tafel slopes of ∼80 mV/dec. for 0.05 mgPt/cm2 cathodes
were observed by Owejan et al.11 (evaluated from their transport-
corrected H2/O2 polarization curves between 40 and 800 mA/cm2geo).
Considering that residual and/or not accurately corrected for transport
resistances always lead to higher apparent Tafel slopes, we ascribe
the slightly higher Tafel slopes in their study to unaccounted transport

losses, possibly due to not fully optimized electrodes (e.g., inhomoge-
neous ionomer distribution), which were shown to yield higher Tafel
slopes.39

To estimate H2/air performance of MEAs by differential flow ex-
periments, the stack inlet conditions and the stack outlet conditions
are commonly simulated by using 21% and 10% O2, respectively41

(the latter corresponds to an air stoichiometry of ∼1.9). Thus, po-
larization curves were measured under differential flows of 21% and
10% O2 in N2 at 80◦C, 100% RH, and 170 kPaabs,inlet. Figure 4 shows
the effect of the carbon support functionalization on the MEA per-
formance for 21% O2 (dashed lines) and 10% O2 (solid lines). The
performance at 0.6 V for the 19.6 wt% Pt/V catalyst (orange lines)
is in excellent agreement with recently published data under essen-
tially identical conditions (differential flow, 80◦C, 100% RH, and 150
kPaabs,outlet) for a graphitized carbon supported Pt catalyst at the same
loading41: 1.4 A/cm2geo (our data) vs 1.3 A/cm2geo at 21%O2 and 0.78
A/cm2geo (our data) vs. 0.83 A/cm2geo at 10% O2. Significantly bet-
ter performance, however, is observed with our NHx-functionalized
catalyst (1.65 A/cm2geo at 21% O2 and 0.91 A/cm2geo at 10% O2).
Kongkanand et al.41 showed that the carbon support surface area (par-
ticularly the fraction of surface in micropores) and the location of the
Pt particles on the primary carbon particles can significantly influence
the local O2 mass transport resistance and in turn the performance of
the MEA. Pt particles that are located in the interior of the catalyst (Pt
supported on a high-surface area carbon, Pt/MSC-a), versus Pt par-
ticles located exclusively on the exterior of the carbon (Pt supported
on a graphitized carbon support, Pt/GrC-a) can significantly influence
the performance under low O2 partial pressure and low Pt loadings.

Figure 4. Differential flow polarization curves at 80◦C and 100% RH of 19.6
wt% Pt/V (orange) and 20.3 wt% Pt/V-NHx (purple) cathodes with I/C of 0.65
with 21%O2 (dashed lines) and 10%O2 (solid lines) in the cathode gas feed at
a cell pressure of 170 kPaabs,inlet. Cathode Pt loadings were 68± 1 and 78± 2
μgPt/cm2geo for the Pt/V and the Pt/V-NHx electrodes, respectively. The error
bars correspond to the standard deviation for repeat measurements with two
different MEAs. Schemes: sketch of the hypothesized ionomer distribution on
the different carbon supports.
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In our study, the V-NHx has a surface area of 175 m2/gC, out of which
75m2/gC are micropores, so roughly 40% less micropores are accessi-
ble on the V-NHx compared to the V support. Part of the performance
improvement which is observed for the Pt/V-NHx vs the Pt/V could
be attributed to the reduced micropores of the carbon support. Never-
theless, by comparing the performance of the GrC-a (100 m2/gC) used
in the study by Kongkanand et al. which has no micropores, with the
V-NHx supported catalyst, the latter exhibits better performance un-
der the same operating conditions. This indicates that the performance
improvement between Pt/V-NHx and Pt/V cannot be solely attributed
to the difference of microporosity of the carbon supports.
We hypothesize that this is due to a more homogeneous ionomer

distribution on the NHx-functionalized carbon support (illustrated by
the sketches in Figure 4), which would result in a homogeneous
ionomer film thickness over the whole electrode. This hypothesis is
based on the known coulombic interaction between the NHx groups on
the carbon support with the SO3− groups of the ionomer20,21 (Figure
4, purple-framed sketch).
In the case of Pt/V, the ionomer distribution is expected to be

more inhomogeneous with a more random ionomer film thickness,
which would lead to a high O2 transport resistance in the regions
where the ionomer film is thicker and to high proton conduction re-
sistance in the regions where the ionomer film is thinner (Figure 4,
orange-framed sketch). The latter would not only be expected to result
in a performance decrease at high current densities and low oxygen
concentrations, but also to larger discrepancies between transport re-
sistance corrected performance curves and the kinetically predicted
performance curve.
The above hypothesis, namely that the performance difference be-

tween the Pt/V and the Pt/V-NHx is related to a difference in ionomer
homogeneity and thus improved oxygen mass transport is further sup-
ported by the dependence of the performance to the I/C ratio, evaluated
in Figure 5 for the 20.3 wt% Pt/V-NHx catalyst: as the I/C is decreased

Figure 5. Differential flow polarization curves at 80◦C and 100% RH of 20.3
wt% Pt/V-NHx cathodes with I/C mass ratios of 0.65 (purple), 0.4 (green) and
0.25 (blue) with 21% (dashed lines) and 10% O2 (solid lines) in the cathode
gas feed at a cell pressure of 170 kPaabs,inlet. Cathode Pt loadings were 78 ±
2, 74 ± 2, and 68 ± 4 μgPt/cm2geo for the MEAs with ionomer mass ratios
of 0.65, 0.40, and 0.25, respectively. The error bars correspond to the standard
deviation for repeat measurements with two different MEAs.

Figure 6. The effect of the cathode catalyst layer composition on: a. the
cathode proton resistivity (ρH+,eff.) at different relative humidities (RH) and
different I/C ratios; b. the total oxygen mass transport resistance (Rtotal ≡
sum of the solid and hatched bars), which can be separated into a pressure
dependent term (RPD) and a pressure independent term (RPI). The error bars
correspond to the standard deviation between independent measurements with
two different MEAs.

to 0.40 (green lines), the performance at 0.6 V further increases to 1.75
A/cm2geo at 21% O2 and 1.0 A/cm2geo at 10% O2, which can only be
attributed to the O2 permeability through the ionomer film.9 As the
I/C ratio is further decreased to 0.25, the performance decreases due
to poor proton conductivity in the catalyst layer, as will be quantified
in the following.
The proton resistivity of the different cathodes was measured ac-

cording to the method developed by Liu et al.43 As shown in Figure
6a, the cathode proton resistivity strongly depends on RH and the
cathode I/C ratio, as what would be expected.43 Comparing the Pt/V
and the Pt/V-NHx based MEAs with an I/C ratio of 0.65, the differ-
ence between their proton resistivities at the various RH values is
identical within the error of the measurement. It is known that the
intrusion of the ionomer into the micropores of the primary carbon
particles reduces the ionomer film thickness on the external surface
of the carbon support.42 Thus, to estimate the average ionomer film
thickness at the external carbon surface, it is necessary to determine
the effective I/C ratio (I/Ceff.) from the overall I/C ratio, as was done
by Liu et al.42 Using this approach, we estimated the effective ionomer
thickness (tionomer,eff.) by considering the cumulative pore volume in
pores smaller than 3 nm, which was obtained from Figure S2 (high-
lighted). As shown in Table V, the effective ionomer film thickness at
the I/C ratio of 0.65 is similar for the catalyst with the aminated (Pt/V-
NHx) and the untreated carbon (Pt/V). In summary, even though one
might have expected that a less homogeneous ionomer film at equal
average film thickness (i.e., at equal tionomer,eff.) would lead to a higher
proton resistivity, this is not the case. However, differences in proton
resistivity would also be expected to be negligible for inhomogeneous
ionomer films, as long as there exists a continuous ionomer pathway
throughout the electrode. Therefore, the homogeneity of the ionomer
on the catalyst surface cannot necessarily be deduced from proton
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Table V. Effective I/C ratio (I/Ceff.) and effective ionomer thickness
(tionomer,eff.) for cathodes with different catalysts and overall
I/C ratios, calculated by considering ionomer absorption into
micropores of ≤3 nm.

Catalyst I/C I/Ceff. tionomer,eff. [nm]

Pt/V (TKK) 0.65 0.53 2.6
Pt/V-NHx 0.65 0.58 2.8
Pt/V-NHx 0.40 0.33 1.6
Pt/V-NHx 0.25 0.18 0.9

resistivity measurements. Decreasing the I/C ratio of the Pt/V-NHx
cathodes, the proton resistivity increases substantially, as expected for
a decrease in the effective ionomer thickness.43,44

To quantify the oxygen mass transport resistance (Rtotal), O2 lim-
iting current measurements were performed.5 Since the same gas dif-
fusion layer (GDL) was used for all measurements, one would expect
that any differences observed originate from the changes in the cata-
lyst layers and that the contributions from the diffusion medium and
the microporous layer remain unchanged. To examine this aspect, the
total oxygen mass transport resistance can be separated into a pres-
sure dependent resistance (RPD) and a pressure independent resistance
(RPI), which can be quantified by conducting limiting current mea-
surements at various O2 concentrations and at different cell pressures.
Here, the RPD term describes Fickian intermolecular gas diffusion
through larger pores (>100 nm diameter), while the RPI term com-
prises Knudsen diffusion in small pores of the microporous layer and
the catalyst layers (<100 nm diameter) as well as diffusion through
the ionomer film covering the Pt particles.11

Figure 6b shows the effect of the catalyst layer composition on the
total transport resistance Rtotal, which is the sum of RPD (solid bars)
and RPI (hatched bars). For all MEAs, RPD was relatively constant
between 0.41–0.45 s/cm, i.e., essentially identical within the error
of the measurement, and thus consistent with the fact that the same
diffusion media were used for all experiments. This suggests that the
clearly lower total transport resistance for the 20.3 wt% Pt/V-NHx
cathode with an I/C mass ratio of 0.65 (purple bars) compared to
the 19.6 wt% Pt/V catalyst with the same I/C (orange bars) must be
due to a lower pressure independent oxygen transport resistance (RPI)
of the former, which we ascribe to a more homogeneous ionomer
distribution on the NHx-functionalized carbon support. As the I/C
mass ratio of 20.3 wt% Pt/V-NHx cathodes is reduced from 0.65
to 0.40, corresponding to reduction of the estimated ionomer film
thickness from∼2.8 to∼1.6 nm (see Table V), Rtotal and RPI decrease
slightly, qualitatively consistent with a very recent report by Putz
et al.,45 who showed a decrease of RPI when the effective ionomer
thickness is decreased from ∼3.5 to ∼2 nm. In their study, a further
decrease of the effective ionomer thickness down to ∼0.5 nm did
not lead to any further decrease in RPI, identical to what we observe
when decreasing the I/C ratio from 0.40 to 0.25 (blue bars), i.e., from
an effective ionomer film thickness of ∼1.6 nm to ∼0.9 nm. While
this independence of RPI from the ionomer film thickness at very
low I/C ratios is not yet understood, the data in Figure 6b clearly
demonstrate that cathodes prepared with NHx-functionalized carbon
supports exhibit lower values of RPI (and Rtotal), which is consistent
with our hypothesis that a more homogeneous ionomer distribution
can be achieved by NHx-functionalized carbon supports.

Discussion

The above presented MEA performance data clearly demonstrate
superior H2/air performance at high current densities of the cathodes
based on NHx-functionalized carbon supports (see dashed lines in
Figures 4 and 5), which is consistent with their lower oxygen mass
transport resistance (Figure 6b). Based on the above data, we hypothe-
size that this is due to amore homogeneous distribution of the ionomer
in the MEA. In this case, however, one would expect a more quanti-

tative agreement between the ORR kinetics limited performance and
the transport-corrected H2/air performance curves, as all transport
resistance measurements and voltage loss corrections are based on
assuming a uniform ionomer distribution in the electrode. In order to
examine this assumption, we will first correct the H2/air polarization
curves shown in Figures 4 and 5 (dashed lines) by the ohmic losses
due to membrane and electronic resistances (i.e., by the HFR), by
the total oxygen transport resistance (i.e., by Rtotal shown in Figure
6b), and by the effective proton conduction resistance in the cathode
(ReffH+,cath); this will then be compared to the performance predicted by
the ORR kinetics (see Table IV).
The transport-corrected H2/air cell voltage, Ecell,tx-corr, is described

by:

Ecell,tx-corr = Ecell + igeo · HFR+ �EO2−tx + igeo · ReffH+,cath [1]

where Ucell is the measured H2/air cell voltage, �UO2-tx is the total
oxygen transport induced voltage loss, and ReffH+,cath is the effective
proton transport resistance in the cathode electrode. As shown by
Neyerlin et al.,46 the latter is related to themeasured proton conduction
resistance in the cathode, RH+,cath, by:

ReffH+,cath = RH+,cath/(3+ ξ) [2]

where ζ is a scaling parameterwhich depends on (igeo ·RH+,cath) divided
by theORRTafel slope.46 The voltage loss due to the total oxygenmass
transport resistance (Rtotal) is calculated using Equation 3, derived by
Zihrul et al.:47

�EO2−t x = RT

F
·
(
1

4
+ γ

α

)
·ln

(
pO2,channel − RT

4F · Rtotal · igeo

pO2,channel

)
[3]

where, γ is the ORR reaction order with respect to oxygen partial
pressure (γ = 0.54),38 α is the transfer coefficient (α = 1),38 R is ideal
gas constant, T is the cell temperature, and pO2,channel is the partial
pressure of O2 in the channel of the flow field. The transport corrected
H2/air performance curves calculated from the H2/air performance
and HFR data as well as from the measured Rtotal and RH+,cath values
(for the reader’s convenience, all tabulated in the SI) using Equations
1–3 are shown in Figure 7a for the four different cathodes.
These can now be compared to the purely kinetically limited ORR

performance, UORR, obtained from the reversible cell voltage, Erev,
and the ORR overpotential, ηORR:

EO R R = Erev − ηO R R [4]

whereby the reversible cell voltage at the H2/air operating conditions
is Erev = 1.17V (based on Equation 2 in Ref. 38. Under the assumption
that the ORR kinetics follow the simple Tafel kinetics with a constant
Tafel slope of 2.303 · R · T/(α · F), UORR can be related to the ORR
mass activity at the reference conditions of 0.9 V, T∗ = 80◦C, and p∗

H2= p∗
O2 = 103 kPaabs (corresponding to i∗m in units of A/gPt; see Table

IV) by Equation 11 in Neyerlin et al.38:

EORR = 0.900V− 2.303 · R · T
α · F

· log

⎛
⎜⎝ ieff

i∗m · LPt · 10−3 ·
(
PO2
p∗O2

)m
·
(
PH2
p∗H2

)α/2
· exp

[
E(0.9V)act
R·T · (

1− T
T∗

)]
⎞
⎟⎠
[5]

where α = 1 (≡ 70 mV/dec. at 80◦C), LPt is the cathode platinum
loading (in mgPt/cm2geo), pO2 and pH2 are the actual O2 and H2 partial
pressures, respectively, m is the reaction order with respect to O2 (m
= 0.79)38 and E(0.9V)act is the activation energy at 0.9 V (note that this
last term in Equation 5 vanishes for T = T∗). The average of the ORR
kinetics limited performance curves derived from Equation 5 using
the ORR mass activities and Pt loadings of the different MEAs (i∗m
and LPt, see Table IV) is plotted as black line in Figure 7a, whereby
the error bars represent the standard deviation between the calculated
ORR curves for each MEA.
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Figure 7. a. Transport-corrected H2/air performance curves de-
rived from Equation 1 for the various MEA types (dashed lines)
and average value of the purely ORR kinetics limited perfor-
mance curve derived from Equation 5; b. unaccounted voltage
losses for each MEA type; c.-e. schematic illustration of the
effect of the ionomer distribution and thickness on proton con-
ductivity and mass transport. The error bars correspond to the
standard deviation for repeat measurements with two different
MEAs. Measurement conditions: H2/air at differential flow con-
ditions, 80◦C, 100% RH, 170 kPaabs,inlet.

We will first discuss the outcome of this analysis by comparing the
two different catalysts in cathodes with the same I/C ratio of 0.65 (or-
ange and purple lines in Figure 7a). Quite clearly, the Pt/V-NHx based
MEAs exhibit lower unaccounted voltage losses, i.e., their transport-
corrected performance curve is closer to the purely kinetically limited
ORR performance curve (black line). Tomore clearly illustrate the ex-
tent of unaccounted voltage losses, Figure 7b depicts the unaccounted
loss of eachMEA, obtained by subtracting the transport-corrected per-
formance curves from the ORR kinetics limited performance of the
same MEA. Figure 7b illustrates that the unaccounted voltage losses
of the Pt/V-NHx based MEAs (purple line) are substantially smaller
than those of the MEAs based on Pt/V (orange line), which we at-
tribute to a more homogeneous ionomer distribution and thus more
homogeneous local ionomer film thickness on the former, illustrated
schematically in Figures 7d (Pt/V-NHx) and 7c (Pt/V). While for the
case of the V-NHx supported catalyst the unaccounted voltage losses
decrease as the I/C ratio decreases.
Under the assumption of a homogeneous ionomer distribution,

decreasing the I/C ratiowould result in thinner ionomer filmover the Pt
particles, thereby facilitating higher O2 permeability to the Pt/ionomer
interface. This is consistent with the lower oxygen mass transport
resistance observed for the Pt/V-NHx based cathodes with an I/C
ratio of 0.4 (see Figure 6b) and with their much reduced unaccounted
voltage losses (see green line in Figure 7b). Therefore, from this
analysis we can conclude that the ionomer distribution and thickness
is a key factor in controlling oxygen mass transport resistances. On
the other hand, for the Pt/V-NHx based cathodes with an I/C of 0.25,
which corresponds to an effective ionomer film thickness of ∼0.9
nm (see Table V), the proton resistivity increases dramatically (see
Figure 6a), which is reasonable considering that this film thickness
corresponds to only∼2monolayers of ionomer (based on a PFSA side
chain thickness of ∼0.5 nm48). Thus, as the ionomer film thickness

becomes very small, the contribution from oxygen mass transport to
the voltage loss becomes very small in contrast to the voltage losses
due to poor proton conduction in the cathode (Figure 7e). Thus, a
delicate balance between good oxygen mass transport and proton
conduction has to be achieved in order to obtain the highest possible
performance.
In summary, the here prepared MEAs based on cathodes with

NHx-functionalized carbon support show the highest cell voltage per-
formance at ultra-low Pt loadings reported in the literature. However,
even with the evidence for a more homogeneous ionomer distribution
achievable with an NHx-functionalized carbon support, there still re-
main ∼40 mV of unaccounted voltage loss at 2 A/cm2geo (see Figure
7b). In principle, the origin of the unaccounted voltage loss could be
due to: i) a not yet optimized MEA design; ii) a deviation from simple
Tafel kinetics at low cathode voltages as suggested by Subramanian et
al.;8 and/or, iii) an oxygen mass transport resistance higher than that
obtained in the currently used limiting current measurements. While
we cannot exclude any of these possibilities, we consider the latter to
be most probable, due to the fact that the ratio of heat flux to water
generation is higher during limiting current measurements at 0.2 V
than that during polarization curve measurements in H2/air at 0.5 V,
which affects the oxygen mass transport.

Conclusions

We presented a novel concept for tailoring the ionomer distribution
in the catalyst layer. We provide evidence that by functionalizing the
surface of a commercially available carbon with –NHx groups, the
ionomer is homogeneously distributed throughout the catalyst layer,
caused by the coulombic attraction between the sulfonate anions of
the ionomer and the NHx surface groups on the carbon support. This,
to our best knowledge, results in the highest H2/air performance for

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 138.246.2.41Downloaded on 2017-03-05 to IP 

46



F426 Journal of The Electrochemical Society, 164 (4) F418-F426 (2017)

MEAs with ultra-low cathode loadings presented in the literature so
far, shown to be due to reduced oxygenmass transport losses through a
more homogeneous ionomer film. The presented voltage loss analysis
based on proton resistivity and oxygen transport resistance measure-
ments provided detailed insights into the major contributions to the
voltage losses in MEAs with low Pt loaded cathodes. Lowering the
ionomer/carbon mass ratio from 0.65 to 0.4, i.e., reducing the ef-
fective ionomer film thickness, resulted in reduced oxygen transport
resistances and improved fuel cell performance. At I/C ratios of 0.25,
however the performance was limited by poor proton conductivity.
Therefore, the key to high performance low Pt loaded cathodes relies
on the exquisite balance between good ionomer distribution and low
ionomer/carbon ratio with adequate proton conductivity.
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3.2 Tailoring Catalyst Morphology towards High
Performance for Low Pt Loaded PEMFC Cathodes

Here, the article ”Tailoring Catalyst Morphology towards High Performance for Low Pt
Loaded PEMFC Cathodes”[119] is presented, which was submitted to The Journal of The
Electrochemical Society in April 2018 and accepted for publication on July 10th 2018 as an
open access article, distributed under the terms of the Creative Commons Attribution 4.0
License (CC BY). The permanent web link to the article is http://jes.ecsdl.org/content/
165/10/F770. The results in this paper were presented e.g., at the 232nd ECS Meeting in
National Harbor, MA, USA in October 2017 (abstract number: I01D-1572).

In this article, the influence of the catalyst morphology, i.e., the distribution of platinum
particles on the carbon support, is investigated. Many studies have shown significant
impact of the carbon support properties, especially its surface area, on MEA performance.
Yet, in this study, the same type of high surface area Ketjenblack carbon is used as support
and the distribution of Pt nanoparticles on its surface is controlled by different deposition
methods. Applying an incipient wetness synthesis, a highly concentrated solution of Pt
precursor is absorbed into the pores of the carbon, resulting in Pt particles deposited
primarily inside the carbon. From a polyol based synthesis, a catalyst with more Pt
particles located on the outer surface of the Ketjenblack is obtained as indicated by TEM
analysis. In addition, the polyol synthesis is applied to a Ketjenblack carbon which was
previously modified by -NHx groups to enhance ionomer distribution according to our
previous publication (see section 3.1, page 37).[36]

Electrochemical characterization is carried out by thin-film RDE experiments and ki-
netic parameters as well as H2/air performance and oxygen mass transport resistance are
determined by single-cell fuel cell experiments with 5 cm2 MEAs. When Pt is preferenti-
ally deposited on the inside of the carbon support, a high mass activity is obtained, as the
platinum is shielded from ionomer poisoning inside the pores. The performance at high
current density is however poor, due to a large mass transport resistance towards the Pt
nanoparticles located inside the pores of the primary particles of the carbon support. When
Pt is deposited preferentially on the exterior carbon particle surface, the mass activity is
similar to results obtained for a more solid Vulcan type carbon and the high current density
is superior, resulting from the lower oxygen mass transport limitations. Additionally, the
effect of the Pt distribution on the validity of a voltage loss analysis is presented. When
Pt particles are located preferentially on the outside of the support, a virtually quantita-
tive agreement between the kinetically predicted performance and the polarization curve
corrected for all known voltage loss contributions is observed. For catalysts with platinum
predominantly located inside the pores, large unaccounted voltage losses are obtained at
high current density, pointing towards the difficulty to accurately determine the oxygen
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mass transport resistance for this type of morphology. This, we believe, originates from
the fact that pore diffusion resistances are not considered in the analysis of voltage loss
contributions.

In summary, this publication shows that not primarily the type of carbon support
influences the fuel cell performance, but that it is the distribution of Pt particles on/within
the primary particle of the carbon support, e.g., inside or outside the pores, which can be
influenced by the synthesis procedure.
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The effect of the catalyst synthesis method on the location of platinum nanoparticles on a high surface area Ketjenblack is investigated
with respect to the high current density performance in low loaded proton exchange membrane fuel cells (PEMFC). Catalysts were
prepared using various synthetic methods to deposit platinum nanoparticles at different locations on the carbon surface, e.g. inside
or outside the pores of the primary particle. Transmission electron microscopy (TEM) suggested, that the Pt-particle deposition can
be controlled to be preferentially on the outer carbon surface or within the pores. Electrochemical characterization was performed in
thin-film rotating disk electrode (RDE) setup as well as in 5 cm2 single cell MEA tests. Although the carbon support was identical
for all catalysts, the one with more Pt particles deposited on the outer carbon surface performed superior at high current which was
attributed to a lower oxygen mass transport resistance. From the presented data, it can be concluded that not only the type or the
surface area of the carbon black support affects the fuel cell performance, but that the synthesis approach is an additional parameter
to tune the fuel cell performance at high current density.
© The Author(s) 2018. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0311810jes]

Manuscript submitted April 4, 2018; revised manuscript received June 27, 2018. Published July 10, 2018. This was Paper 1572
presented at the National Harbor, Maryland Meeting of the Society, October 1–5, 2017.

One of the challenges for fuel cell electric vehicles (FCEVs) to
become cost-competitive with internal combustion engines is the re-
duction of the platinum catalyst loading. As kinetics of the hydrogen
oxidation in acidic media are fast,1 only little Pt is needed on the anode
(< 0.1 mgPt/cm2MEA), while loadings of about 0.2–0.4 mgPt/cm

2
MEA are

typically used on the cathode due to the sluggish ORR kinetics. A sig-
nificant reduction of the cathode Pt loading to below 0.1 mgPt/cm2MEA
is estimated to be necessary for a large scale commercialization of
FCEVs with a total platinum loading of about <10 g Pt per car in the
future.2,3

One possibility to reach this target is to increase the mass activity
of Pt for the oxygen reduction reaction (ORR) by using Pt-alloy cat-
alysts while simultaneously decreasing the overall Pt loading at the
cathode of the membrane electrode assembly (MEA). Additionally,
the FC-stack should be operated at high current density, i.e., at high
power density, in order to keep the overall stack size and cost small.
So far, conventional Pt-alloy nanoparticle supported on high-surface
area carbons show ≈3–4 times higher ORR activities when tested in
RDE compared to actual proton exchange membrane (PEM) fuel cell
test.4,2 Unfortunately, for more advanced ORR catalyst concepts like
shape-controlled Pt-alloys5,6 and confined alloy nanoparticles7 which
show substantially higher ORR activities in rotating disk electrode
(RDE) experiments, it has not yet been possible to prepare MEAs
with good high current density performance.4,8 Reasons for this may
include the difficulty of preparing electrodes with suitable structure
and homogeneous ionomer distribution.
In addition, the morphology of the carbon black catalyst support

was shown to have amajor influence on the high current density perfor-
mance. Usually, better high current density performance is observed
for low-surface area supports like Vulcan carbon compared to high-
surface area supports like Ketjenblack, even though the latter show a
higher ORR mass activity.9–12 A detailed study of the influence of the
carbon black support was conducted by Park et al.,13 who investigated
four different carbon black supports with different porosity and sur-
face area. They concluded that a carbon black with high surface area
and porosity shows poor high current density performance because
a lot of Pt nanoparticles are located inside the pores and therefore
are poorly accessible to oxygen at high current densities, i.e., at high
local oxygen fluxes. The best high current density performance was

∗Electrochemical Society Student Member.
∗∗Electrochemical Society Fellow.
zE-mail: gregor.harzer@tum.de

observed for a carbon black support with very low surface area and
minimal porosity, for which the majority of Pt particles were located
on the outer surface of the support. Their observations with regards
to the location of Pt particles as a function of the carbon support
morphology are consistent with previous findings.14

In the present work, we show that neither the surface area nor
the porosity of the carbon black support influences the high current
density performance, but that the location of the Pt particles on the
support, i.e., on the outer surface or inside the pores is the governing
factor. Two different types of catalysts were prepared on the same
high surface area Ketjenblack (KB) carbon support by an incipient
wetness and a polyol reduction process to control the location of Pt
particle deposition. Additionally, the polyol reduction was used to
prepare a catalyst on a surface-modified KB support (functionalized
by NHx groups)15 to investigate the effect of ionomer distribution in
the catalyst layer. ORR mass activities obtained by RDE and fuel
cell measurements as well as high current density performance under
differential-flow conditions of the here synthesized catalysts were
compared to a commercial catalyst on high surface area Ketjenblack
(TEC10E20E, TKK).

Experimental

Carbon functionalization with NHx surface groups -
KB(NHx).—The preparation of surface modified carbon and the de-
position of Pt nanoparticles were performed as previously described in
detail.15 In short, commercially available Ketjenblack (E-type, Tanaka
Kikinzoku Kogyo K.K., Japan) with a surface area of 930 m2/g (de-
termined by QSDFT from N2 sorption) was dispersed in 100 ml of
70% HNO3 (Sigma Aldrich, ACS reagent) and stirred under reflux
conditions (70◦C oil bath) for 30 min. After filtration, the carbon
(further on referred to as “KB-Ox”) was washed with hot water (from
Milli-Q Integral System;>15M� · cm) and dried in vacuo. Aminated
Ketjenblack (“KB(NHx)”) was prepared by placing 1 g of KB-Ox in
a tube furnace (HST12/400, Carbolite GmbH, Germany) for 4 h at
200◦C under pure NH3 gas with a flow rate of 1 l/min. The carbon
was washed with hot water and dried in a vacuum oven at 70◦C.

Synthesis of 20%wt Pt/KBPO and Pt/KB(NHx)PO.—300 mg of
carbon black, 200ml of ethylene glycol (SigmaAldrich,ACS reagent),
100 ml of H2O (>15 M� · cm), and 1.54 ml of H2PtCl6 (8 wt%
H2PtCl6 in H2O; 0.25 molPt/l) from Alfa Aesar; corresponding to
1.3 mmolPt/l) were stirred for 18 h at room temperature. The flask was
transferred to a pre-heated oil bath at 120◦C and stirred for 2 h. The
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catalyst was separated by filtration, washed with hot water until the
filtrate was pH neutral and chloride free and dried in a vacuum oven
at 70◦C for 12 h. The final platinum loading was quantified by TGA.

Synthesis of 20%wt Pt/KBIW.—H2PtCl6 · x H2O (x ≈ 5–6; Sigma
Aldrich, >99.9% tmb, 0.2655 g) was dissolved in 2.2 ml acetone
(Sigma Aldrich, Chromasolv; corresponding to ≈230 mmolPt/l) and
added to 400 mg Ketjenblack (dried in vacuum at 110◦C) to wet
the entire carbon powder. The acetone was evaporated at 40◦C under
air in an oven. Then, the powder was finely ground and heated in
5% H2/Ar (500 ml/min) to 250◦C for 30 min (10 K/min heating
rate) in a tube furnace (Carbolite). After cooling to room temperature
under Ar flow, the gas was humidified by bubbling it through water
at room temperature while air is slowly mixed into the Ar stream.
This procedure was required to avoid catalysts ignition on removal
from the tube furnace. The catalyst was then washed with hot water
(>15 M� · cm) until the filtrate was pH neutral and chloride free and
dried in vacuum at 70◦C. The final platinum loading was quantified
by TGA.

Transmission electron microscopy.—Transmission electron mi-
croscopy (TEM) was used to determine the Pt particle size distribu-
tion and location on the carbon support. Electron microscopy samples
were prepared by dispersing the catalyst in deionized water and then
depositing a few drops of the suspension onto carbon-coated Cu400
TEM grids (Science Services, Germany). Imaging was performed
using a Philips CM100 EM operated at 100 kV at a resolution of
0.5 nm. For the evaluation of the average Pt particle size distribution,
>400 individual particles were measured using the software ImageJ
(v. 1.51j8).

Thermogravimetric analysis.—Thermogravimetric analysis
(TGA) of the pure carbons (without platinum) was performed with
a TGA/DSC 1 (Mettler Toledo, Switzerland) at a heating rate of
5 K/min in argon to quantify the amount of functional groups on the
pristine, oxidized, and aminated carbons. The Pt loading on carbon
was evaluated by the weight loss upon burning the carbon in 67% O2
in Ar at a heating rate of 25 K/min to 1000◦C. The residual after the
TGA ramp was verified to be pure Pt by XRD.

Elemental analysis.—CHNS analyses were performed using a
EURO EA analyzer (Hekatech, Germany). Determination of the Pt
content was done photometrically using a UV 160 photometer (Shi-
madzu, Japan).

X-ray photoelectron spectroscopy.—Surface chemical analysis
was accomplished by X-ray photoelectron spectroscopy (Axis Supra,
Kratos, UK). The powder samples were dispersed in water and drop-
cast onto a pre-cleaned copper foil, which was fixed to the sample
holder. Subsequently, the sample was dried in ambient air followed
by drying at 80◦C in an oven. The spectra were recorded at a constant
pass energy of 160 eV and at a pressure below 5 · 10−8 mbar.

Electrochemical characterization.—Experimental details on ro-
tating disk electrode (RDE) measurements and fuel cell testing are
given in our previous publications.15,16 In short, RDE inks were pre-
pared by suspending the catalyst powder in DMF and drop-casting
onto a polished 5 mm diameter GC electrode (Pine, USA) without the
use of Nafion. All measurements were done at 25◦C in 0.1 M HClO4
with gases being of 6.0 grade. Measured potentials are referenced to
the reversible hydrogen electrode (RHE) scale and corrected for the
iR drop.
Membrane electrode assemblies (MEA) with an active area of

5 cm2 were prepared by the decal transfer method. Catalyst inks were
prepared by mixing the catalyst, water, 1-propanol and the ionomer
dispersion (Asahi Kasei, Japan, 700 EW) in an 8 ml HDPE bottle
containing 5 mm ZrO2 grinding media. The carbon content of the
dispersion was adjusted from 20–30 mgC/mlink depending on the vis-
cosity while the water content was fixed at 10%wt. The ionomer to

Table I. Elemental analysis (CHNS) of the carbon, hydrogen,
oxygen, and sulfur content of the as-received Ketjenblack (KB),
the oxidized Ketjenblack (KB-ox), and the Ketjenblack after the
NHx functionalization (KB(NHx)).

Sample C [%wt] H [%wt] N [%wt] S [%wt]

KB 95.9 ± 0.0 0.2 ± 0.0 0.1 ± 0.0 0.0
KB-ox 90.8 ± 0.3 0.3 ± 0.1 0.5 ± 0.0 0.0
KB(NHx) 94.9 ± 1.1 0.2 ± 0.0 1.1 ± 0.1 0.0

carbon ratio (I/C) was 0.65 g/g for all electrodes. Anodes were pre-
pared by the same procedure using a commercial Pt/V (TEC10V20E,
TKK) catalyst. TheMEAswere prepared by hot-pressing 5 cm2 anode
and cathode decals at 155◦C for 3 min to a 15 μm thick membrane
(Asahi Kasei). For each catalyst, two independent fuel cell measure-
mentswere conducted under differential-flow conditions using a 5 cm2

flow-field (see References 17 and 18), and themean absolute deviation
between both is shown as error bars in all figures (for more details on
the fuel cell testing conditions see our previous publications).15,16

Results and Discussion

Characterization of carbon supports and catalysts.—Elemental
analysis and X-ray photoelectron spectroscopy (XPS) was utilized to
determine the bulk and surface composition of theKetjenblack support
before and after the functionalization procedure. Table I summarizes
the carbon, hydrogen, nitrogen, and sulfur content of the as-received
Ketjenblack (KB), after the oxidation with HNO3 (KB-ox), and after
the NHx functionalization with ammonia (KB(NHx)). In contrast to an
untreated, low-surface area Vulcan carbon support, which has a car-
bon content of≈99%wt, the carbon content of as-received Ketjenblack
was only≈96%wt (see Table I) due the presence of oxygen-containing
surface groups on this high-surface area support (it is also notewor-
thy that in contrast to Vulcan carbon, no sulfur could be detected in
KB carbon).15 Upon oxidation, the N content increased while the C
content decreased (from 95.9 to 90.8%wt), which was caused by the
formation of chemisorbed nitrogen oxides (≈0.5%wt, see Table I) and
the increase of oxygen functionalities on the surface. Chemisorbed
nitrogen oxides were identified by XPS (see black line in Figure 1)
at binding energies above 405 eV.19 After the ammonia treatment at
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Figure 1. XP spectra in the N 1s region of the as-received Ketjenblack (KB),
the oxidized Ketjenblack (KB-ox), and the Ketjenblack after the NHx func-
tionalization (KB(NHx)).
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Table II. Summary of results from rotating disk electrode experiments for the investigated catalysts in 0.1 M HClO4 at 25◦C. The ECSA was
determined form the HUPD region in cyclic voltammetry (20 mV/s) or from the TEM based particle size distribution (using Equation 1), while the
mass- and specific activity was determined from O2 saturated electrolyte at 1600 rpm (anodic going scan, 20 mV/s). The errors correspond to the
standard deviation of 3 independent measurements.

Catalyst Pt/C loading [%wt] ECSAHUPD [m2/gPt] ECSATEM [m2/gPt] i mass0.9 V [A/g] i spec0.9 V [μA/cm
2
Pt] TS [mV/dec.]

Pt/KBPO 20.2 75 ± 6 85 814 ± 40 1076 ± 38 57 ± 2
Pt/KB(NHx)PO 20.3 79 ± 7 87 696 ± 18 878 ± 24 60 ± 1
Pt/KBIW 19.6 70 ± 2 90 336 ± 7 486 ± 14 64 ± 2
Pt/KBTKK 19.3 75 ± 2 99 982 ± 13 1305 ± 27 58 ± 1

200◦C, the carbon content increased again, which can be explained by
the loss of thermally instable oxygen functional groups like carboxylic
acid groups.20 Additionally, the nitrogen content increased further to
about 1%wt, and the XPS data (see blue line in Figure 1) indicates the
formation of pyridinic, pyrrolic, and pyridine-N-oxide groups which
were observed at binding energies of 397–404 eV.19 Further differen-
tiation and quantification of each type of nitrogen functionality was
not performed as it is beyond the scope of this work. However, from
the N-content determined by elemental analysis (1.1 ± 0.1%, see Ta-
ble I) and the external surface area of the modified Ketjenblack (total:
930 m2/g; external:≈400 m2/g), an estimate of the ratio of surface ni-
trogen atoms to surface carbon atoms can be obtained, assuming a sur-
face concentration of about 65 μmolC/m2C (for graphite structures).

21

For this estimation, the external surface area of Ketjenblack was used,
as the pore-size analysis from N2 sorption and evaluation by the QS-
DFT method showed a blockage of small pores (< 4 nm) by the
surface modification, indicating that only the external surface was
NHx modified. Based on the above assumptions, the ratio of suface
nitrogen atoms to surface carbon atoms (Nsurf/Csurf) was in the range
of 0.03 (or 3% of a monolayer coverage). Compared to the modifica-
tion of vulcan carbon, where a coverage of about 7% was estimated,15

the lower coverage in the case of Ketjenblack might be due to a more
limited accessibility of the entire carbon surface during the modifica-
tion procedure or due to a lower reactivity of its surface. The platinum
loading of each catalyst was determined by thermogravimetric analy-
sis and is summarized in Table II. Generally, the Pt weight loading of
all catalysts was within 20 ± 1%wt.
Transmission electron microscopy was used to evaluate the Pt

particle size distribution and to gain insights into the location of the Pt
particle location for the catalysts. Representative micrographs of the
in-house made catalysts as well as the commercial catalyst are shown
in Figure 2with their corresponding Pt particle size distribution (insets
in Figure 2). Here, Ntotal denotes the total number of counted particles,
dN denotes the number averaged diameter, while dS is the surface
normalized diameter calculated by Equation 1, where li represents the
particle number and d its diameter.

dS =
∑n

i=1 li d3∑n
i=1 li d2

[1]

For the catalysts prepared by the polyol reduction (Pt/KBPO and
Pt/KB(NHx)PO), a reasonably narrow distribution of Pt particles over
the carbon surface was observed without major particle agglomeration
(Figures 2a and 2b), and with similar number averaged particle sizes
for the Pt/KB(NHx)PO catalyst (dN = 3.0 ± 0.5 nm) and the Pt/KBPO
catalyst (dN = 2.9 ± 0.7 nm). For the catalyst prepared by incipi-
ent wetness (Pt/KBIW) and for the commercial catalyst (Pt/KBTKK),
the particle size distributions were slightly wider, while both have
smaller number-averaged particle sizes of dN = 2.2 ± 0.9 nm and
dN = 2.4 ± 0.7 nm, respectively. Similarly, the surface averaged Pt
particle sizes (dS) which should be inversely proportional to the elec-
trochemically active surface area (ECSA) of the catalysts were also
substantially smaller for the catalyst prepared by incipient wetness
and for the commercial catalysts (see inset in Figure 2).
When comparing the TEM images obtained for the catalysts made

by the polyol method to those obtained for the catalyst made by either
the incipient wetness method or the commercial catalyst, differences

in the Pt particle location can be discerned. In case of the polyol
reduction (Figures 2a and 2b), many Pt particles were found on the
edge of the carbon primary particle and not “inside” its projection
(circles show examples in Figures 2a and 2b). Although TEM is a
2D technique, one can rationalize that when a Pt particle is observed
outside of the carbon primary particle projection, then it must be
located on the outside of the carbon particle. When it is within the
projection of the carbon primary particle, then it can be either on top
or inside the carbon primary particle in the respective image. Clearly,
it is not possible to determine the amount of Pt particles inside the
carbon primary particle, but rather get an estimate of particles located
on or close to the outer surface. A more in depth study of Pt particle
distribution by STEM (as used by Park et al.13) could unfortunately not
be performed for this study, aswe did not have access to this technique.
Therefore, we could not quantify the Pt particle distribution on/inside
the carbon support, but we believe that the here presented TEM images
show at least qualitatively that the polyol synthesis results in catalysts
with Pt particles deposited preferentially on the exterior surface of the
carbon support.
Pt particles at the edge of the carbon support were hardly observed

for the commercial catalyst and the one synthesized by the incipi-
ent wetness method. A detailed study on the platinum distribution on
the primary carbon black particle via STEM analysis by Park et al.13

showed that about 62% of Pt particles are located within the carbon
black for a commercial 30%wt Pt/KB catalyst (TEC10E30E, TKK),
which is very similar to the commercial 20%wt Pt/KB catalyst used in
this study (TEC10E20E, TKK). Based on the above study and the fact
that almost no Pt particles were observed on the edge of the carbon
black primary particles for both the commercial catalyst (Pt/KBTKK)
and the in-house made, incipient wetness based catalyst (Pt/KBIW),
it is reasonable to assume that the majority of the Pt particles for
these two catalysts are also located inside the carbon particle. In con-
trast, the catalysts prepared by the polyol reduction method showed
a significant amount of platinum particles on the edges of the carbon
(examples marked by red circles in Figures 2a and 2b), which suggests
a considerable amount of Pt particles to be located on the outside of
the carbon black. Based on these observations, a simplified sketch
of the platinum particle distribution on the primary carbon black is
proposed in Figures 2e and 2f. Although it is impossible to determine
the precise three-dimensional distribution of platinum particles on the
carbon black from 2D TEM images, a clear difference in catalyst
morphology was evident when comparing the TEM images of the
commercial catalyst and the catalyst prepared by incipient wetness
(Figures 2c and 2d) to the catalysts prepared by the polyol reduction
(Figures 2a and 2b). However, no relevant difference in morphology
was observed in the TEM images for the Pt particles deposited on ei-
ther as-received or NHx modified Ketjenblack by the polyol synthesis
route. As will be shown later, the electrochemical activity and per-
formance characteristics of the different catalysts are quite consistent
with the differences in Pt location proposed in Figures 2e and 2f.
The observed differences in Pt location of the in-house made cat-

alysts all prepared on the same support must be due to the different
synthetic procedures which are sketched in Figure 3. In the case
of the polyol reduction, the platinum salt was dissolved at a rather
low concentration (1.3 mmolPt/l) in ethylene glycol which served as
the solvent and reducing agent. When the temperature was reached
at which the reduction starts rapidly, nucleation of Pt particles will
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Figure 2. TEM micrographs and the corresponding particle size distribution for the various catalysts: (a) Pt/KBPO; (b) Pt/KB(NHx)PO; (c) Pt/KBIW; and, (d)
Pt/KBTKK. dN denotes the number averaged diameter and their corresponding standard deviation, whereas dS denotes the surface normalized diameter calculated
by Equation 1. Simplified schematic representation of primary carbon particle (gray) with Pt nanoparticles (black) deposited preferentially on (e) the outside of the
carbon support (hypothesized to be the case for Pt/KBPO and Pt/KB(NHx)PO) and (f) on the inside of the carbon support (hypothesized to be the case for Pt/KBIW
and Pt/KBTKK).

occur throughout the solution, but since the concentration of platinum
ions inside the pores of the carbon black was very small and since
the platinum salt diffusion into the pores was restricted, growth of Pt
particles proceeded preferentially on the outer surface of the carbon
black and in the free bulk solution. Particles formed in solution will
ultimately deposit on the outer surface as they cannot anymore pene-

Reduction

Reduction

A

B
Figure 3. Simplified schematic representation of the synthetic methods and
the time dependent formation of Pt particles; red color intensity depicts Pt
precursor concentration. A) Reduction of a highly diluted Pt precursor in
ethylene glycol in the polyol method, with a formation of Pt nanoparticles
preferentially on the outside of the carbon surface and in the solution. B)
Incipient wetness method, in which the carbon support is impregnated with a
highly concentrated Pt precursor solution, so that a high concentration of Pt
precursor is present inside the pores, leading to more particles deposited inside
the carbon.

trate into the pores of the carbon black (this is sketched in Figure 3A).
On the other hand, in case of the incipient wetness synthesis, a highly
concentrated solution of platinum ions (≈230 mmolPt/l) was absorbed
into the void volume of the carbon black pores during impregnation.
Upon reduction, platinum particles nucleated evenly on the entire car-
bon surface which was covered with the Pt salt (Figure 3B). As a
substantial volume fraction of Ketjenblack consists of small pores (a
lot of it being of course internal surface),10,22 which can be filled with
the concentrated solution of platinum salt during impregnation, a con-
siderable amount of Pt particles formed inside these pores similarly
to what was observed for ordered mesoporous carbon supports with
similar pore sizes.23,24

ECSA, ORR activity, and H2/O2 MEA performance.—Thin-film
rotating disk electrode measurements were conducted on all catalysts
to determine the electrochemically active surface area (ECSA) and
the activity for oxygen reduction. Catalyst thin-films were prepared
without the use of any binder (like Nafion) to avoid catalyst poisoning
and thus reveal the true ORR activities in the absence of poisoning
by ionomer.25 Table II summarizes the results from RDE experiments
for the investigated catalysts. The ECSA values obtained by cyclic
voltammetry were rather similar for all catalyst, ranging between
≈70–79 m2/gPt. The fact that these values are roughly 10–25%
lower than the values one would estimate from the TEM measure-
ments (ECSATEM) using Equation 1, is consistent with other literature
reports.26 The obtained mass and specific activities were also in good
agreement with the literature for Nafion-free films.25 Kinetic param-
eters of all catalysts are very comparable, except for Pt/KBIW that

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 129.187.254.46Downloaded on 2018-07-11 to IP 

62



F774 Journal of The Electrochemical Society, 165 (10) F770-F779 (2018)

Table III. Cathode Pt loadings (LPt) of the ≈20%wt Pt/KB catalysts (s. Table II), electrochemically active surface areas (ECSA) determined from
the HUPD region in cyclic voltammetry, and ORR mass activity (i mass

0.9 V ) determined at 0.9 V at the experimentally used conditions (80◦C, 100%
RH, H2/O2 (2000/5000 nccm), 170 kPaabs), calculated as well for 101 kPaabs O2 (i mass

0.9 V
∗
). The mass activity and Tafel slope (TS) were determined

from the polarization curves after correction for the HFR, the proton conduction resistance in the catalyst layer, the H2 crossover, and the shorting
current (these corrected data are shown in Figure 4b). The specific activity (i spec

0.9 V) was calculated from the mass activity and the corresponding
ECSA for each electrode. The variation represents the mean absolute deviation between two independent measurements.

Catalyst LPt [μg/cm2geo] ECSA [m2/gPt] i mass0.9 V [A/g] i mass0.9 V
∗
[A/g] i spec0.9 V [μA/cm

2
Pt] TS [mV/dec]

Pt/KBPO 62 ± 1 69 ± 6 220 ± 11 175 ± 9 318 ± 11 76 ± 1
Pt/KB(NHx)PO 63 ± 2 66 ± 2 161 ± 2 128 ± 1 245 ± 10 76 ± 1
Pt/KBIW 64 ± 1 79 ± 1 249 ± 1 198 ± 1 314 ± 4 85 ± 1
Pt/KBTKK 62 ± 2 83 ± 1 372 ± 29 296 ± 23 450 ± 37 88 ± 2

has a slightly higher Tafel slope in addition to a lower ORR activity.
Although the synthesis method used to prepare Pt/KBIW was found to
produce a catalyst with similar morphology as Pt/KBTKK (determined
by TEM), the catalytic properties of the former were significantly
different from those of Pt/KBTKK. These differences in RDE results
may arise from different catalyst layer quality on the glassy carbon,
as high-quality film preparation was challenging for the Pt/KBIW cat-
alyst. This difficulty may be explained by a less polar catalyst surface,
resulting from the heat-treatment in reductive atmosphere during the
preparation of Pt/KBIW. Additional support to the hypothesis of low
film quality is given by the fact that theECSA is very similar for all cat-
alyst, while only the ORR kinetic parameters are significantly worse.
This observation has been directly attributed to a less homogeneous
catalyst film by other researchers.27

5 cm2 MEAs were fabricated to determine the influence of the cat-
alyst preparation method on its specific properties like the ECSA, the
ORR activity, and the performance at high current density in single-
cell PEM fuel cell measurements. The cathode catalyst layers of all

MEAs had very similar loadings of 62–64 μg/cm2MEA to ensure com-
parability between measurements (for details see Table III), while the
anode Pt loading was fixed at about 100 μgPt/cm2MEA. The electro-
chemically active surface area determined from HUPD for the Pt/KBIW
and Pt/KBTKK was found to be ≈79–83 m2/gPt (see Table III). These
values are consistent with previously reported values for high surface
area carbon black supports.13,28,29 Significantly lower ECSA values of
≈66–69 m2/gPt were found for the catalysts prepared by the polyol
method. This is another indication that this synthesis method results
in a larger fraction of Pt particles on the exterior surface of the carbon
support particles, where they are in intimate contact with the ionomer
resulting in lower ECSA values due to ionomer poisoning.25 The ORR
mass activity trend with respect to the different catalyst preparation
procedures which affect the location of the Pt particles on the primary
carbon particle was also consistent with the observed ECSA trends:
catalysts synthesized by the polyol method showed a lower ORRmass
activity, consistent with the poisoning of the ORR when Pt nanopar-
ticles are in more intimate contact with ionomer.25 Furthermore, the
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Figure 4. a) Uncorrected H2/O2 polarization curves (80◦C, 100% RH, H2/O2 (2000/5000 nccm), 170 kPaabs) for the different catalysts with ultra-low cathode
Pt loading (62–64 μgPt/cm2MEA, see Table III) and the corresponding high frequency resistance (RHFR). b) Performance curves normalized to the Pt loading and
corrected for the HFR (RHFR), the effective proton conduction resistance of the cathode catalyst layer (ReffH+,cath) as well as H2 crossover (ix, H2 ) and shorting

currents. The anode platinum loading was ≈100 μgPt/cm2MEA for all MEAs. The error bars correspond to the mean absolute deviation between two independent
measurements.
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low specific activity of the Pt/KB(NHx)PO catalyst (245 μA/cm2Pt; see
Table III) was nearly as low as that of an identically prepared≈20%wt

Pt catalyst on a Vulcan support (see Pt/V-NHx with 200 μA/cm2Pt in
Ref. 15) tested under the same conditions and at the same I/C ratio,
which provides further evidence for our claim that most of the Pt par-
ticles are deposited on the external KB carbon surface in the polyol
synthesis process.
Figure 4 shows the uncorrected polarization curves in H2/O2

configuration at 170 kPaabs for all catalysts (Figure 4a) as well as
their corresponding Tafel plots after correction for the HFR, the
effective proton conduction resistance of the cathode catalyst layer
(ReffH+,cath) the H2-crossover (≈4 mA/cm2MEA) and the shorting current
(Figure 4b), analogous to the procedure outlined in Ref. 15. As plat-
inum inside the pores of a carbon black primary particle has no or only
poor contact with ionomer,30–32 it exhibits a higher mass activity due
to the absence of poisoning effects.25 For this reason, Pt/KBIW and
Pt/KBTKK showed a mass activity of 249± 1 and 372± 29 A/g, while
the Pt/KBPO and Pt/KB(NHx)PO catalysts synthesized by the polyol
method had lower mass activities of 220 ± 11 and 161 ± 2 A/g, re-
spectively. The lower mass activity of the latter most likely arises from
a better ionomer distribution of the KB(NHx) support as shown in a
previous publication,15 where we argued that an increased interaction
of the ionomer with the modified carbon black surface33 would lead to
a more homogeneous ionomer distribution, reaching more platinum
particles and thus lowering their ORR mass activity. In addition, part
of this effect may also derive from a somewhat larger fraction of Pt
being deposited on the outer surface of the NHx-modified Ketjen-
black due to a stronger Pt/support interaction during the deposition
of Pt onto the surface-functionalized Ketjenblack.34 The difference in
mass activity between Pt/KBIW and Pt/KBTKK could be rationalized
by a non-optimized synthetic method for the incipient wetness based
catalyst, which had the broadest particle size distribution and largest
particles.
From the H2/O2 polarization curves, it is also evident that the

different catalyst preparation methods lead to different performance
characteristics in the low and high current density region (see
Figure 4a): while the catalysts prepared by the polyol method showed
a lower cell voltage in the low current density region (consistent
with their lower mass activity), they significantly outperformed the
Pt/KBIW and Pt/KBTKK catalysts at high current density. For the latter
two, the polarization curves appeared to be affected by stronger mass
transport resistances at high current density, even in pure oxygen. This
limitation is also reflected in Figure 4b, where a substantial deviation
from a straight Tafel line is observed for these catalysts at high cur-
rent density, while the catalysts prepared by the polyol method did
not deviate much from a straight line over the entire current density
range. Additionally, their Tafel slope of 76mV/dec. (determined in the
current density range of 50–500 mA/cm2MEA; see Table III) was much
closer to the expected value of 70 mV/dec. (at 80◦C),35 indicating
an optimized electrode where all non-kinetic limitations can be ac-
counted for quantitatively.15 On the other hand, the higher Tafel slope
of around 85 mV/dec. for the Pt/KBIW and Pt/KBTKK catalysts points
toward a non-optimized electrode or additional transport losses.29 As
will be explained in detail in the following, the electrode structure
and ionomer distribution was homogeneous for all electrodes, so that
we attribute the observed Tafel slope and performance limit at high
current density to the catalyst morphology, namely the predominant
location of Pt at the external surface of the carbon support or within
the carbon nanopores.
The observed differences in mass activity and high current den-

sity performance have been commonly reported for Ketjenblack sup-
ported catalysts compared to Vulcan supported catalysts, and have
been mainly attributed to differences in the support structure, espe-
cially support surface area and nanopore size distribution.13,12 As we
used the same carbon support for all catalysts, it is clear that an ad-
ditional factor which must be considered, is the synthesis method of
the catalyst, as it is able to control the fraction of Pt particles which
are deposited at the external support surface compared to those de-
posited within the carbon nanopores. Thus, even on a conventional

0 500 1000 1500 2000

0.3

0.4

0.5

0.6

0.7

0.8

0.9

Air

 Pt/KBPO

 Pt/KB(NHx)PO

 Pt/KBIW

 Pt/KBTKK

igeo [mA/cm2
MEA]

E ce
ll [V

]

10% O2

Figure 5. Polarization curves in air (solid lines) and 10% O2 in N2 (dashed
lines) at 80◦C, 100% RH, 2000/5000 nccm (A/C) at 170 kPaabs for the different
catalysts with a cathode loading of 62–64 μgPt/cm2MEA (see Table III) and
anode loadings of ≈100 μgPt/cm2MEA. Error bars represent the mean absolute
deviation from two independent measurements.

Ketjenblack support with a large nanopore volume, the polyol synthe-
sis method can lead to a predominant deposition of Pt particles on the
external carbon support surface, so that the resulting Pt/KB catalyst
shows a similar current-voltage profile as a catalyst supported on a
more solid, Vulcan-type carbon. This finding is in excellent agree-
ment with the studies from Kongkanand et al.11 They showed that
the carbon support surface area (particularly the fraction of surface
in micropores) and the location of the Pt particles on the primary
carbon particles can significantly influence the local O2 mass trans-
port resistance and in turn the performance of the MEA. Catalysts
with Pt particles preferentially located on the outside of the carbon
black support (Pt supported on a low surface area, solid carbon black,
referred to as GrC) showed significantly better performance at high
current density compared to catalysts with Pt particles located inside
the carbon black support (Pt supported on a high surface area carbon
black, referred to as HSC). In a recent study they showed that by max-
imizing the nanopore volume of the support in the 4–7 nm range, the
high current density performance can be further improved, rational-
ized by striking the best balance between reduced ionomer poisoning
of Pt particles within these pores while minimizing the transport path
length for protons and oxygen to these near surface pore domains.12

MEA performance with H2/air and in H2/10% O2.—To further
visualize the high current density performance difference between
catalysts prepared by the incipient wetness method and the polyol
reduction method, polarization curves in air and 10% O2 (in N2; to
simulate conditions at the cathode outlet of a PEMFC stack operated
at an air stoichiometry of≈1.75) are shown in Figure 5. Again, it was
evident that the Pt/KBTKK catalyst showed the highest cell voltage at
low current density – consistent with its highest mass activity – while
the high current density performance in air (solid lines in Figure 5) was
significantly inferior to the catalysts prepared by the polyol method.
This difference was even more pronounced for polarization curves
in 10% O2 (dashed lines in Figure 5), pointing toward a severe mass
transport limitation for Pt/KBIW and Pt/KBTKK catalysts. As suggested
by the TEM micrographs, a substantial fraction of Pt particles is
located outside of the carbon black primary particle for the catalysts
made by the polyol synthesis method (supported by the lower ORR
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activity of these catalysts). Assuming that the pores would be ionically
connected with the ionomer by absorbed water, platinum particles
which are not poisoned by ionomer can contribute to the ORR reaction
at low current density, i.e., in the region where the mass activity
is determined. At high current densities, however, the transport of
reactants (O2 and H+) and the removal of produced water becomes
increasingly important, resulting in increased transport resistances to
platinum particles located inside the pores and, thus, to the poor high
current density performance.
On the contrary, much superior high current density performance

was observed for the catalysts synthesized by the polyol method: in-
dependent of the surface modification of the carbon black support,
Pt/KBPO and Pt/KB(NHx)PO showed almost identical current-voltage
profiles. While the former had a ≈1.4 times higher ORR mass activ-
ity (see Table III), its ≈10 mV lower ORR overpotential (assuming
an intrinsic Tafel slope of 70 mV/dec.) did not play a major role
at high current densities, where performance is controlled by trans-
port resistances rather than by kinetics. It is also noteworthy that
the H2/air and H2/10% O2 high current density performance of the
polyol synthesized Ketjenblack supported catalysts was even slightly
better than that of the polyol synthesized catalyst supported on NHx
functionalized Vulcan carbon.15 Based on the evidence presented so
far, we conclude that the superior high current density performance
of the Pt/KBPO and Pt/KB(NHx)PO catalysts in both air and 10%
O2 is caused by a predominant deposition of platinum particles on
the external surface of the carbon support in the polyol synthesis
method. In summary, the inferior low current density and superior
high current density performance of the polyol synthesized catalysts
(Pt/KBPO and Pt/KB(NHx)PO) reflects that of Pt catalysts supported
on Vulcan supports, while that of the commercial and the incipient
wetness synthesized catalysts (Pt/KBTKK and Pt/KBIW) reflects that of
typical catalysts supported on Ketjenblack supports (see Figure S1 in
Ref. 12), again emphasizing that the synthesis method can affect the
location of the deposited Pt particles and that this is not solely a
function of the carbon support.
A general idea about the ionomer distribution in the electrodes

can be deduced from proton resistivity measurements via impedance
spectroscopy according to Liu et al.9 Figure 6 depicts the catalyst layer
proton resistivity for all catalysts at different relative humidities. At
high relative humidity (100% RH), the difference in proton resistivity
between all catalysts was insignificant, whereby it must be noted that
the error of measurement was relatively large (reflected by the error
bars), due to the difficulty of fitting a transmission line model to
the impedance data when the proton conduction resistance is very
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Figure 6. Cathode catalyst layer proton resistivity, ρH
+
cath, determined from

impedance spectroscopy at 50, 70 and 100% RH. Error bars represent the
mean absolute deviation from two independent measurements.
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Figure 7. Total oxygen mass transport resistance divided into pressure de-
pendent transport resistance (R PD

O2
, hatched bar) and pressure independent

transport resistance (R PD
O2
, open bar) determined from limiting current mea-

surements at 80◦C, 70% RH, differential-flow (2000/5000 nccm) and 170, 270,
350, 500 kPaabs at various O2 concentrations. Simplified sketch depicting the
different transport limitations depending on the location of the Pt particles on
the carbon black support with additional resistance for the Pt particles inside
the pore.

low. At lower relative humidities where the measurement error is
reduced due to the larger proton conduction resistance, the catalysts
prepared by the polyol reduction method showed a ≈1.5–2 times
lower proton resistivity compared to Pt/KBIW and Pt/KBTKK. This
difference may point toward a better ionomer distribution for the
catalysts prepared by the polyol synthesis method. Additionally, a
beneficial effect on the proton resistivity was observed for the surface
modification by NHx groups, which is consistent with our previous
study on the modification of a Vulcan carbon support.15

Oxygen mass transport resistance.—To evaluate whether the ob-
served performance drop at high current density can be attributed to
oxygen mass transport, the total oxygen mass transport resistance is
shown in Figure 7, divided into a pressure dependent, R PD

O2
(hatched

bar), and pressure independent, R PI
O2
, resistance determined from limit-

ing current measurements.36 According to the limiting current method
developed by Baker et al., we used a low relative humidity of 70%
RH to avoid measurement artefacts due to condensation of water in
the diffusion medium at high current density,36 similar to what was
done by Owejan et al.37 In addition, we conducted the same limiting
current experiments at 100% RH to exclude artefacts of insufficient
proton conductivity at dry conditions. For all tested catalysts, no sig-
nificant differences in total oxygen mass transport resistance were
found at the two relative humidities (< 5% deviation), indicating that
neither proton conductivity nor water condensation in the GDL/MPL
or the electrode were leading to measurement artefacts in the tested
RH range. Similar results were also obtained by Oh et al., who investi-
gated the oxygen transport resistance from 30–90% RH.38 Analogous
with the works of Baker et al.36 and Owejan et al.,37 we report the
oxygen mass transport resistance determined at 70% RH and use it
later for the corrections of oxygen transport related voltage losses.
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As one would expect, the pressure dependent transport resistance,
which is attributed to intermolecular gas diffusion, was essentially
identical for all measurements, as the same testing hardware and GDL
materials were used throughout the experiments. The pressure inde-
pendent resistance however, which describes either Knudsen diffusion
contributions in the microporous layer, diffusion through liquid water
or through the Pt/ionomer interface,36,37 varied significantly for cath-
odes based on different types of catalysts. For the catalysts prepared by
the polyol method, the total transport resistance was identical within
the error of measurement (0.88 ± 0.02 s/cm), while Pt/KBIW and
Pt/KBTKK showed considerably higher R total

O2
values (1.22 ± 0.01 and

1.12± 0.01 s/cm, respectively). In contrast to our previous study on the
surface functionalization of a Vulcan carbon support with NHx,15 we
found no significant influence of the NHx carbon surface modification
on the mass transport resistance in the case of the here used Ketjen-
black support at the same I/C mass ratio of 0.65/1. The rationalization
for this is that the ionomer film at this I/C ratio is already very thin
on the high surface area Ketjenblack support, as a significant fraction
of the ionomer is being absorbed into the carbon nanopores (≈60%
for an I/C mass ratio of 0.6/19). The resulting ≈1.7 times thinner
ionomer coverage on the outer surface of the Ketjenblack compared
to the Vulcan carbon support may thus be so thin, that even a slightly
inhomogeneous ionomer distribution on the carbon surface and/or in
the electrode does not any more result in significant differences in the
local oxygen transport resistance to the Pt surface.
In the case of Pt/KBIW and Pt/KBTKK, the pressure independent

oxygen mass transport resistance was substantially higher compared
to the in-house made catalysts by the polyol reduction. Considering
their morphological differences suggested by TEM and ORR mass
activity measurements, these results clearly support our hypothesis
for their inferior high current density performance, namely that it is
due to the predominant location of Pt particles within the carbon black
nanopores, leading to a higher oxygen transport resistance.11–13 The
latter is ascribed to the long, local diffusion pathways for oxygen
through the nanopores – particularly aggravated when nanopores are
(partially) filled with liquid water (see sketch on top of Figure 7) – and
manifests itself in additional voltage losses at high current density. On
the other hand, when the platinum particles are preferentially located
on the external surface of the support, either controlled by the synthetic
method as shown here or by the type of carbon black support,11–13 the
oxygen transport resistance is lower and, consequently, the perfor-
mance at high current density is superior.

Voltage loss analysis.—To quantify the agreement between a ki-
netically predicted polarization curve and the measured H2/air po-
larization curves (from Figure 5, solid lines) after correction for all
known transport losses, a voltage loss analysis was performed as de-
scribed in Ref. 15. Figure 8 shows the theoretical ORR curves (dashed
lines; based on the mass activities given in Table III and assuming an
intrinsic Tafel slope of 70 mV/dec.) for all catalysts compared to
H2/air polarization curves after correction for all measurable losses
(solid lines), namely for the ohmic losses (i.e., theHFR), the effective
proton transport resistance within the electrode (ReffH+,cath), and the total
oxygen mass transport resistance (R total

O2
); for details see Ref. 15. The

lower graph in Figure 8 depicts the difference between the kinetically
predicted ORR performance (dashed lines) and the measured H2/air
polarization curves after the above described corrections (solid lines),
which is equal to the unaccounted voltage losses in the electrode. A
striking difference between the two types of catalysts becomes evi-
dent. While the unaccounted voltage losses for the catalysts prepared
by the polyol synthesis method (Pt/KBPO and Pt/KB(NHx)PO) were
identical and amount to ≈50 mV at 2 A/cm2MEA (essentially identi-
cal to what we had found for a Pt/V-NHx catalyst15), the Pt/KBIW
and Pt/KBTKK catalyst showed unexplained voltage losses of about
200 mV and 150 mV at 2 A/cm2MEA, respectively.
Thus, it is quite clear that catalysts with a large faction of Pt

particles located on the external surface of the carbon black support
(Pt/KBPO and Pt/KB(NHx)PO) show low unaccounted voltage losses
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Figure 8. a) solid lines: polarization curves (H2/air – differential-flow, 80◦C,
100% RH, 170 kPaabs) corrected by the HFR (RHFR), the effective proton
conduction resistance of the catalyst layer (ReffH+,cath), and the total oxygen

mass transport resistance (R total
O2

); dotted lines: purely ORR kinetics limited
polarization curves (black/red lines) determined from Equation 5 in Ref. 15 for
the effective O2 partial pressure of 25.8 kPa under these conditions. b) Unac-
counted voltage losses obtained from the difference between the purely ORR
kinetics limited performance (dotted lines in a) and the fully corrected H2/air
polarization curves (solid lines in a) for Pt/KBPO, Pt/KB(NHx)PO, Pt/KBIW,
and Pt/KBTKK.

in addition to their superior high current density H2/air performance.
This demonstrates that the morphology of the carbon black is not the
only factor which controls high current density performance (as in
previous studies),11–13 as long as the catalyst synthesis method leads
to a preferential deposition of Pt particles on the external surface of
the carbon black. Unfortunately, this analysis also makes it evident
that the extent of unaccounted voltage losses (Figure 8b) in a cathode
catalyst layer critically depends on the type of catalyst and is never
zero. The origin of this discrepancy is not clear, but it seems reason-
able to assume that it is at least in part related to an inherent problem of
the determination of the oxygen mass transport resistance by limiting
current measurements for high surface area carbons, where platinum
is found inside the pores. While it cannot be excluded that the unac-
counted voltage losses originate from a not fully optimized electrode
or from more complex ORR kinetics,39 the inaccurate determination
of the oxygen mass transport resistance appears to be the most likely
explanation.
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Identification of performance limitations.—To gain further in-
sights into the mass transport properties of the different types of
catalysts, we investigated the effect of the relative humidity on per-
formance, first with pure O2 and then with 10% O2 in N2. First of
all, when reducing the relative humidity from 100% to 70%, the HFR
increases by≈10 m� · cm2 (from about 23–25 m� · cm2 at 100% RH
(see lower panel of Figure 4a) to 32–35 m� · cm2 at 70% RH), which
equates to approximately a doubling of the membrane resistance
for the typical contact resistance of 15 m� · cm2 in our setup. This
≈2-fold increase in membrane resistance is in good agreement with
the reported changes of the bulk conductivity of a Nafion type mem-
brane upon decreasing the relative humidity from 100% to 70% RH.40

At the same time, the proton sheet resistivity in the cathode catalyst
layer increased by ≈3-fold for the polyol synthesized catalysts and
≈5–7 fold for the other two catalysts (see Figure 6), reasonably con-
sistent with the reported ionomer tortuosity of ≈2–3 in an electrode
composed of a Ketjenblack supported catalyst and with an ionomer
volume fraction of εionomer ≈ 0.16 (based on Equation 5 and Figure 9a
in Ref. 41).
Figure 9 shows the HFR and ReffH+,cath corrected differential-flow

oxygen polarization curves recorded at 100% (solid lines) and 70%
RH (dashed lines) for all catalysts. H2/O2 polarization curves cor-
rected this way would be expected to yield superimposing lines for
both 70 and 100% RH, as the oxygen transport resistance in the ab-
sence of strong film diffusion resistances through a water or ionomer
layer should be negligible in pure O2. Within an error of ≈10 mV,
this was indeed the case for the polyol synthesized catalysts (compare
solid/dashed dark blue or green lines in Figure 9), where Pt parti-
cles are believed to be mostly located on the external carbon surface.
However, for the Pt/KBIW and Pt/KBTKK catalysts (orange and light
blue lines in Figure 9) with Pt particles mostly located in carbon
nanopores, the corrected cell voltage increased with decreasing RH
by ≈35 and ≈45 mV, respectively. This can be rationalized by a sig-
nificant oxygen transport resistance from the exterior carbon surface
to the Pt particles located in carbon nanopores, assuming that at 100%
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Figure 10. Differential-flow polarization curves in H2/10% O2 (balance N2)
at 80◦C, 170 kPaabs, 100% RH (solid lines) and 70% RH (dashed lines) for all
catalysts after correction of the cell voltage by the HFR (RHFR) and catalyst
layer effective proton conduction resistance (ReffH+,cath). Error bars correspond
to the mean absolute deviation of two independent measurements.

RH these pores are flooded with liquid water, but at 70% RH have a
lower water content and a concomitantly lower local oxygen transport
resistance. This indeed is consistent with the observed inferior high
current density performance of the Pt/KBIW and Pt/KBTKK catalysts in
pure O2 compared to that of the Pt/KBPO and Pt/KB(NHx)PO catalysts
(see Figure 4a).
To identify the interplay of O2 mass transport resistance phe-

nomena and relative humidity, differential-flow polarization curves
in H2/10% O2 (balance N2) were recorded at 70% and 100% RH and
are shown in Figure 10 after the correction of cell voltage by the HFR
(RHFR) and the effective proton conduction resistance in the catalyst
layer (ReffH+,cath). In contrast to the data shown in Figure 9, the O2
transport resistance is very important at 10% O2 (see Figure 5) and
thus enables further insight into transport-related phenomena of the
different catalysts.
Analogous to the phenomenon observed in pure O2, both the

Pt/KBIW and the Pt/KBTKK catalysts showed a similar increase in
the HFR and ReffH+,cath corrected performance as the relative humidity
is reduced from 100 to 70% (see Figure 10). This again was consistent
with the above proposed decrease of the local oxygen transport resis-
tance to Pt located in nanopores as the relative humidity is decreased.
On the other hand, the corrected cell voltage in 10% O2 of the

Pt/KBPO and Pt/KB(NHx)PO catalyst based MEAs clearly decreased
with decreasing RH (see Figure 10), which is contrary to what was
observed with pure O2 (see Figure 9). These results are unexpected,
as differences in ionic conductivity should be accounted for by the
HFR and ReffH+,cath correction. Unfortunately, at this point we can only
conclude that not all resistances are captured quantitatively by the here
used O2 and H+ transport resistance measurements and that further
work is needed to understand the RH dependence of these catalysts
where Pt is located predominantly on the external carbon support
surface.
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Conclusions

The effect of the synthesis method for the deposition of Pt nanopar-
ticles on a high surface area Ketjenblack carbon support with respect
to the ECSA, the ORR mass activity, and the fuel cell performance of
the resulting catalysts was investigated. For catalysts prepared by a
polyol synthesis method, strong evidence is supported that Pt particles
were predominantly deposited on the external Ketjenblack support
surface, as indicated by TEM images and by an analysis of the ORR
activity. On the other hand, the same analysis suggested that catalysts
prepared by an incipient wetness synthesis method as well as a com-
mercial Pt/KB catalyst are characterized by a predominant location of
Pt particles within the carbon nanopores.
The catalysts prepared by the polyol reduction showed superior

high current density performance, but their ORR mass activity was
comparatively low. In contrast, the catalysts with Pt particles located
predominantly in carbon nanopores showed a higher ORR mass ac-
tivity but poor high current density performance due to mass transport
limitations. This trend has commonly been observed when compar-
ing Vulcan supported catalysts (behaving like our polyol synthesized
catalysts) with Ketjenblack supported catalysts and was attributed to
differences in Pt particle location. Here we have shown that the Pt
particle location on a given carbon support can also be controlled by
the synthesis method. Thus, by tailoring the synthetic method so that
Pt particles were deposited predominantly on the external carbon sur-
face, a catalyst with low oxygen mass transport resistance and good
high current density performance can be obtained; for these polyol
synthesis based catalysts supported on Ketjenblack (often referred to
as porous carbon), the unaccounted losses in a voltage loss analysis
were minimized and are similarly low as for catalysts based on a
Vulcan carbon support (often referred to as solid carbon). When Pt
is predominantly located inside the carbon pores, a lower O2 trans-
port resistance, hence better performance at high current density is
observed at 70% compared to 100% RH (after correction of increased
ionic resistances), which points toward an additional O2 transport re-
sistance from (partially) water filled carbon pores at fully humidified
conditions.
In summary, a catalyst should exhibit most Pt particles on the outer

surface of the carbon black support to enable high current density
operation with low mass transport related losses in addition to a small
fraction of platinum particles shielded inside the pores from ionomer
poisoning for high mass activity.
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3.3 Cathode Loading Impact on Voltage Cycling Induced
PEMFC Degradation: A Voltage Loss Analysis

The article ”Cathode Loading Impact on Voltage Cycling Induced PEMFC Degradation:
A Voltage Loss Analysis”,[76] was submitted in December 2017 and published as an open
access article in the JES Focus Issue on Proton Exchange Membrane Fuel Cell (PEMFC)
Durability of the peer-reviewed Journal of The Electrochemical Society in March 2018,
distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY).
The permanent web link to the article is http://jes.ecsdl.org/content/165/6/F3118.

In this publication, the degradation of MEAs by different voltage cycling protocols and
its dependence on the catalyst layer loading is investigated, while special focus lies on the
determination and deconvolution of mass transport related resistances. For this, extended
voltage cycling up to 30000 cycles with varying potential limits and voltage transients
(shown in Figure 2, page F3120) is performed. Firstly, it is shown that the decrease of
the ECSA is strongly dependent on the type of voltage transient, e.g., that a potential
jump with a hold time at the vertex potential is more detrimental to the ECSA than a
continuous, triangular potential scan. This has also been observed among other research
groups.[72,75] While this may be due to the fast voltage transient in a square wave potential
profile, we identify the main degradation mechanism as the hold time at the upper vertex
potential, employing a protocol with a potential sweep and a hold time at the upper and
lower vertex. The degradation induced by this protocol is almost identical to the one by
the potential jump experiment, eliminating the sweep or step time as main influencing
factor. In addition, no influence of the catalyst layer loading on the ECSA degradation
could be identified, other than the observed differences in ECSA loss due to the different
types of catalysts (20%wt Pt/C for low loaded and 50%wt Pt/C for high loaded catalyst
layers), which had to be used to maintain the same catalyst layer thickness to enable
comparability of mass transport phenomena. The decrease of mass activity, imass

0.9 V, was
found to scale proportionally with the available ECSA, however, the specific activity, ispec

0.9 V,
increased over the course of potential cycling due to the Pt particle size increase. The
oxygen mass transport resistance, Rtotal

O2 , determined from limiting current experiments,
showed a significant increase over the course of 30000 potential cycles, while we could
prove that carbon corrosion and the concomitant collapse of the catalyst layer is absent in
all of these voltage cycling experiments. The increase of the transport resistance is rather
due to the decrease of the available Pt surface area, i.e., the rf, and hence the increase
of the pressure independent transport resistance, R PI

O2 . This phenomenon was also shown
by Geszler et al.,[101] who prepared electrodes with different rf -values by dilution with
carbon, while we achieved a similar decrease of the rf -values by potential cycling. Using
two initial catalyst layer loadings of 0.4 mgPt/cm2 and 0.1 mgPt/cm2, a wide range of
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roughness factors is spanned, verifying the previously observed correlation (see Figure 12,
page F3128). Finally, we show that lowering the upper potential limit during voltage
cycling by 150 mV to 850 mV (termed TW-LUPL), even low loaded catalyst layers can
sustain 30000 potential cycles without degradation of the H2/air performance and with only
little ECSA loss. These results provide valuable guidelines for increasing the durability of
PEM fuel cell systems by carefully controlling the operating potential.
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Currently, proton exchange membrane fuel cells (PEMFCs) are on
the verge of widespread commercialization as an alternative power
source for the automotive market, impressively demonstrated by the
launch of PEMFC based vehicles by Toyota,1 Hyundai,2 and Honda3

in recent years. The major hurdle for a significant market penetra-
tion of PEMFC vehicles in the near future is the reduction of system
cost and the amount of platinum, while meeting long-term durability
targets.4,5 Despite remarkable achievements in lowering the Pt loading
of the cathode catalyst layer in state-of-the-art membrane electrode
assemblies (MEAs) down to ≈0.1 mgPt/cm2,6–8 recent studies have
shown that additional overpotentials occur at low loadings and high
current density.8–11 Even though the exact origin of these losses is
subject to ongoing discussions in the literature, its occurrence was
directly correlated to the available Pt surface area in the cathode, i.e.,
to the cathode roughness factor (rf, defined as Pt surface area per ge-
ometric surface area in units of cm2Pt/cm

2), so that it is often referred
to as Pt specific O2 mass transport resistance (RPtO2 ).

8–10 Additionally,
it is well-known that MEAs degrade under the dynamic load-cycles
relevant for automotive applications due to the associated voltage cy-
cles. This made extended voltage cycling tests a frequently applied
accelerated stress test (AST) to probe the durability of the cathode
catalyst layer. Despite various reports in the literature employing dif-
ferent aging protocols, such as applying square wave (SW) potential
perturbations or constant high potential phases, the most commonly
applied aging protocol is based on triangular wave (TW) potential
perturbations between cell voltages of 0.6 and 1.0 V at a scan rate of
typically 50 mV/s.12–21

Thermodynamically, the carbon black support for the noble metal
catalyst in the MEA is not stable under fuel cell operating conditions,
since the equilibrium potential of the carbon oxidation reaction (COR)
is only 0.2VRHE (consideringCO2 as reaction product).22 Fortuitously,
the sluggish kinetics of the COR prevent the oxidation of carbon
at potentials < 0.9 VRHE, i.e., within the typical fuel cell operating
range,17,23,24 and therefore enable its use in the cathode catalyst layer.
On the other hand, high voltage periods, occurring for example during
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zE-mail: gregor.harzer@tum.de

system start-up or shut-down, can oxidize the carbon structure in
the catalyst layer, eventually leading to a loss of void volume and a
thinning of the electrode (often referred to as “cathode thinning”).25–27

Since a sufficiently large void volume is crucial for the transport of O2
through the cathode catalyst layer, significant corrosion of the carbon
support causes an increase of the O2 mass transport resistance and a
decrease of PEMFC performance. In addition, carbon corrosion was
found to cause a detachment of Pt from the carbon support, leaving the
Pt nanoparticles electrically disconnected from the electrode, which
decreases the available electrochemical surface area (ECSA) of Pt.
Another source of ECSA loss during ASTs are repetitive changes
of the cathode potential, leading to oxidation and reduction of the
Pt surface.13,14,20 Upon its reduction/oxidation, Pt surface atoms can
dissolve from the nanoparticle into the electrolyte as ionic species,
eventually redepositing on existing Pt nanoparticles via a process
referred to as Ostwald ripening, resulting in an increase of the average
Pt particle size and an associated ECSA loss.28,29 Furthermore, as
long as the electrode is held at high potentials, Pt ions can diffuse
in the electrolyte phase towards the membrane where they can react
with cross-over hydrogen to form electrically insulated Pt deposits
within the membrane phase.30 Since these Pt deposits can no longer
contribute to the electrochemical processes in the cathode catalyst
layer, a significant decrease of the ECSA is observed.
To gain a better understanding of the aging processes occurring

during voltage cycling ASTs, high-loaded (0.4 mgPt/cm2) and low-
loaded (0.1 mgPt/cm2) MEAs were exposed to different potential cy-
cling profiles: square waves, triangular waves, and triangular waves
with an upper and lower potential hold (TW–H). The associated losses
of ECSA and ORR mass activity were quantified by cyclic voltamme-
try and by differential flowH2/O2 performancemeasurements, respec-
tively. Furthermore, the performance degradation of differential flow
H2/air polarization curves was analyzed by quantifying the proton
conduction resistance via electrochemical impedance spectroscopy
(EIS) and by determining the oxygen transport resistance via limiting
current diagnostics. The comparison of MEA performance vs ECSA
over the course of extended voltage cycling provides insights into
the voltage cycling induced increase of the O2 transport resistance.
In addition, by deliberately corroding the carbon support through a
high-potential hold of the cathode, where substantial carbon corrosion
occurs (1.2 Vcell for 8 h), resulting in pronounced cathode thinning at a
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reasonable ECSA retention, we were able to distinguish between the
impact of carbon corrosion and ECSA loss on the limiting current
measurements. Comparing the various voltage cycling protocols, it
could be shown that the higher degradation observed for square wave
compared to triangular wave modulation were due to the extended
time at high potentials in the former rather than to the voltage ramp
rate between upper and lower potential. Our analysis also showed that
the oxygen transport resistances developing over the course of voltage
cycling ASTs predominantly depends on the specific current density
(in units of A/cm2Pt), independent of the initial Pt loading of theMEAs.

Experimental

Comprehensive experimental details onMEA preparation and fuel
cell testing are given in our previous publication,11 but the most per-
tinent information is given below. All potentials referred to in cyclic
voltammograms and in voltage cycling experiments are referenced to
the reversible hydrogen electrode (RHE) potential at a nominal H2
pressure of 100 kPaabs (VRHE). This was obtained by correcting for
the Nernstian shift of the hydrogen anode if the H2 partial pressure
was different from 100 kPaabs. For the voltage cycling tests conducted
under H2/N2 (anode/cathode) at 100 kPaabs, 80◦C, 100% RH, the dif-
ferent applied potential limits of 0.60, 0.85, and 1.00 VRHE correspond
to cell voltage limits of 0.59, 0.84, and 0.99 Vcell. If not stated other-
wise, area-normalized currents (e.g., cm2) refer to the geometric area
of the electrode. Furthermore, note that all pressures were measured
and controlled at the inlet of the fuel cell and are stated as absolute
pressures.

Membrane electrode assembly preparation.—All fuel cell tests
were conducted with 5 cm2 MEAs, fabricated by the decal trans-
fer method. Catalyst inks were prepared by mixing the catalyst
with a low equivalent weight ionomer in a water-solvent disper-
sion (Asahi Kasei, 700 EW). To realize the same electrode thick-
ness (identical carbon loading of 0.4 mgC/cm2), two catalysts with
different Pt/C ratio were used. For low-loaded catalyst layers, a
20%wt Pt/Vulcan catalyst (TEC10V20E, Tanaka Kikinzoku Kogyo
K.K., TKK) and for high-loaded catalyst layers, a 50%wt Pt/Vulcan
(TEC10V50E, TKK) was used. The ink components were added into
a 15 mL capped bottle (HDPE), already containing 16.5 g of 5 mm
ZrO2 beads as grinding medium in the following sequence: cata-
lyst, water, 1–propanol, and finally the ionomer dispersion. The wa-
ter concentration of the ink was 10%wt, while the solid content was
0.03 g/mLink to obtain a suitable viscosity for the coating process.
The ionomer to carbon weight ratio (I/C) was 0.65. The inks were
mixed by placing the bottles onto a roller-mill (60 rpm) for 18 h at
room temperature. Thereafter, the inks were coated on virgin PTFE
using the mayer rod technique with the appropriate bar on a coat-
ing machine. The same type of anode was used for all experiments,
namely 0.1 mgPt/cm2 consisting of 20%wt Pt/C (TEC10V20E, TKK)
with an I/C ratio of 0.65. The MEAs were assembled by hot press-
ing a 15 μm membrane (Asahi Kasei) placed between the anode
and cathode decals at 155◦C for 3 min with an applied force of
0.11 kN/cm2. The cathode loadings were 0.1 mgPt/cm2 and
0.4 mgPt/cm2, with a maximum deviation of ±5%, as determined
by weighing the decals before and after the catalyst layer transfer. For
each aging procedure, two independent fuel cell measurements were
conducted and subsequently averaged with error bars corresponding
to the mean absolute deviation.

Fuel cell testing equipment.—Electrochemical measurements
were performed on an in-house manufactured, single-cell hardware,
using commercial graphite flow fields (0.5 mm lands/ channels; man-
ufactured by Poco Graphite according to our design).31 Gas diffusion
layers (GDLs) were supplied by Freudenberg (H14C7) and the GDL
compression was adjusted to 20 ± 1% by PTFE coated, incompress-
ible fiberglass gaskets, assembled at a torque of 12 Nm (for details
see Simon et al.).32 Fuel cell tests were performed on automated
test stations (G60, Greenlight Innovation) equipped with a potentio-

Figure 1. Overview of the experimental procedure for MEA aging. Com-
plete MEA characterization (differential flow H2/O2 and H2/air curves, cyclic
voltammetry, CO stripping, limiting current measurements, and EIS) was per-
formed at beginning-of-test (BOT) and end-of-test (EOT). The color of the
boxes indicates the type of MEA characterization after specific MEA aging
cycles: after every aging cycle (black); only at BOT and EOT (orange); after
10000 and 20000 cycles (blue), after 10000 cycles (green).

stat (Reference3000, Gamry) to conduct electrochemical impedance
spectroscopy (EIS).

Voltage cycling procedure and diagnostic measurements.—The
experimental testing procedure is depicted in Figure 1. All MEAs
were conditioned prior to testing, using a voltage-controlled ramp-in
procedure (H2/air flows of 1390/3320 nccm at 80◦C, 100% relative
humidity (RH), and 150 kPaabs): 0.6 V for 45 min, 5 min at OCV, and
10 min at 0.85 V. This sequence was repeated 10 times, after which
constant performance was reached. Before each set of differential
flow polarization curves and diagnostic measurements, an MEA re-
covery step was implemented, which consisted of a hold time in H2/air
(2000 nccm/5000 nccm) at 0.3 V for 2 h at 40◦C, 270 kPaabs, and 100%
RH. The purpose of this procedure is to recover reversible losses prior
to catalyst layer characterization.
Cyclic voltammograms (CVs) of the cathode electrode were

recorded between 0.07 and 1.00 VRHE at a scan rate of 150 mV/s,
at 40◦C and ambient pressure, while the ECSA was evaluated from
CVs with a limited upper potential of 0.6 VRHE by averaging the
H-desorption and H-adsorption charge (using a specific charge of
210μC/cm2Pt). The counter/reference electrodewas fedwith 200 nccm
of fully humidified 5% H2 in N2, and the working electrode was ini-
tially purged with dry N2 at 50 nccm, while interrupting the gas flow
to record the CVs.
CO stripping was done by adsorbing CO (10% CO in N2,

100 nccm) for 10 min at 40◦C and 150 kPaabs while maintaining
the cathode potential at 0.1 VRHE. Subsequently, residual CO was re-
moved from the cell and the gas lines by purging with nitrogen for
≈1.5 h. A CV from the holding potential to 1.2 VRHE at a scan rate of
100 mV/s 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. TheECSAwas determined
by integrating the area of the first anodic scan with the subsequent
sweep as baseline, using a specific charge of 420 μC/cm2Pt.
The proton conduction resistance of the cathode, RcathH+ (in units

of � · cm2), was determined from AC impedance spectra recorded in
H2/N2 (anode/cathode) at 0.2 Vcell with a peak-to-peak perturbation of
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3.5mV between 500 kHz and 0.2 Hz (20 points per decade), according
to a procedure reported in the literature,33,34 based on a transmission
line model.35 In order to ensure reproducibility, the measurement was
repeated three times at each condition: 100, 70, 50, and 30% RH,
while maintaining constant gas partial pressures (i.e., at cell pressures
of 270, 255, 246, and 236 kPaabs, respectively) under differential flow
conditions (H2/N2 at 1000/1000 nccm) at 80◦C. The proton resistivity,
ρcathH+ (in units of � · cm), was calculated by dividing RcathH+ by the
cathode thickness.
Differential flow polarization curves were recorded in current-

control mode at 80◦C, 170 kPaabs inlet-controlled pressure, 100% RH
for both reactants, and constant flows of 2000 nccm of H2 on the
anode and 5000 nccm of O2, air, or 10% O2 (balanced with N2) on
the cathode. Anode and cathode were operated in counter flow mode.
At these conditions, the inlet to outlet pressure drop in anode and
cathode was about 2 and 22 kPaabs, respectively. Prior to recording
a polarization curve from low to high current densities, the cathode
potential was held at 0.75 V for 15 min to reduce Pt-oxides; each
current density point was held constant for at least 10 min and the
resulting voltage was averaged over the final 30 s. The ORR kinetics
(mass activity, specific activity, and Tafel slopes) were determined
from H2/O2 polarization curves after application of two corrections: i)
the potential was corrected for the iR-drop, using the high frequency
resistance (HFR) obtained from the x-axis intersect in the Nyquist
plot measured by galvano electrochemical impedance spectroscopy
(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,
limited to a minimum/ maximum of 0.1/3.0 A); ii) the current was
corrected for the ohmic short of the membrane, as well as for the H2
crossover, both determined in H2/N2 (150/600 nccm) at 170 kPaabs,
80◦C, and 100% 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.
The total mass transport resistance (RtotalO2

) was extracted from
limiting current measurements at 80◦C and 100% RH under differ-
ential flow conditions (2000 nccm of H2 and 5000 nccm of O2/N2
mixtures).15,36,37 The dry mole fraction of oxygen was altered from
4 to 24% O2 in N2, while the cell potential was set to 0.30, 0.15,
0.10, and 0.05 V for 2 min each. To quantify pressure-independent
and pressure-dependent oxygen transport resistances, limiting current
measurements were also conducted at 170, 270, 350, and 500 kPaabs.
Aging of the cathode electrodeswas performed at 100 kPaabs, 80◦C,

100% RH and H2/N2 flows of 200 nccm/75 nccm on anode/cathode,
respectively. In voltage cycling ASTs, various potential profiles were
examined that are depicted in Figure 2: triangular wave modulation
between a lower potential of 0.6 VRHE and an upper potential of either
1.0 VRHE (referred to as “TW”, a) or a lower upper potential limit of
0.85 VRHE (referred to as “TW–LUPL”, d) at 50 mV/s; square wave
(SW, b) modulation between 0.6 and 1.0 VRHE; and triangular wave
modulation with a potential hold at the lower (0.6 VRHE) and up-
per (1.0 VRHE) potential (referred to as “TW–H”, c). Voltage cycling
ASTs were controlled by a potentiostat (Reference3000, Gamry). To
avoid reductive currents during potential cycling, all residual O2 was
removed from the humidifier and gas line system by a N2 purging pro-
cedure, lasting about 45 min. The scan rate for all TW procedures was
50 mV/s, while the potential step in the SW procedure was completed
in less than 0.1 seconds (corresponding to an average rate of>4 V/s).
The hold times of 8 s at the vertex potentials in the SW procedure was
chosen such that it is identical to the overall time required for one TW
cycle (compare Figures 2a and 2b).

Electrode thickness determination by SEM.—The thicknesses
of pristine (BOT), as well as aged MEAs (EOT) were determined
from cross-section images, obtained by scanning electron microscopy
(SEM). To get a more accurate comparison between BOT/EOT and
to exclude any effects of cell assembly on the catalyst layer thick-
ness, the pristine MEAs were assembled in a cell and operated at
80◦C, 100% RH and 500 nccm N2/N2 flows at ambient pressure for
24 h before determining their initial thickness. The MEAs were cut
in quarters, using one quarter close to the gas inlet and one close to

Figure 2. Voltage profiles used in voltage cycling ASTs performed at
100 kPaabs, 80◦C, 100% RH and H2/N2 flows of 200 nccm/75 nccm on an-
ode/cathode, respectively. a) triangular wave modulation (“TW”) between 0.6
and 1.0 VRHE (corresponding to 0.59 and 0.99 Vcell) at a scan rate of 50 mV/s;
b) square wave modulation (“SW”), applying a hold time of 8 s at the lower
(0.6 VRHE) and upper (1.0 VRHE) potential; c) triangular wave modulation
at a scan rate of 50 mV/s with 8 s potential hold at the lower (0.6 VRHE)
and upper (1.0 VRHE) limits (“TW–H”); d) triangular wave modulation at 50
mV/s between 0.6 VRHE and a lowered upper potential limit (“TW–LUPL”) of
0.85 VRHE (≡0.84 Vcell). The combination of an anodic and a cathodic scan is
referred to as one cycle in this study.

outlet of the cell. The samples were fixed in a Teflon holder and em-
bedded in epoxy resin (EpoThin 2 resin and hardener, Buehler Ltd.)
at reduced pressure to remove gas bubbles. After hardening overnight
at 40◦C, the resin block was removed from the holder, ground on SiC
(CarbiMet S, P280, Buehler Ltd.) under constant water flow and thor-
oughly cleaned by ultrasonification in water. SEM (JCM-6000PLUS
NeoScope, Jeol) images were taken in backscattering mode at 15 kV
accelerating voltage and a magnification of 2000x at ten arbitrarily
chosen locations for each quarter of an MEA, generating 20 images
per MEA. The thickness of the electrode was determined by integra-
tion of the electrode area with ImageJ (version 1.51j8) and dividing
by the length of the image as shown in Figure 3. This way, the entire
image is evaluated, which provides a more accurate measure of the
catalyst layer thickness compared to a single point measurement.
The thickness of pristine electrodes was used to calculate the pack-

ing density of the Vulcan carbon based electrodes. The obtained pack-
ing density of 22± 4 μm/(mgC/cm2) is in reasonable agreement with
values in the literature.38 The BOT thickness for all tested MEAs was

Figure 3. Cross-sectional SEM image of an MEA embedded in epoxy resin
and taken at an acceleration voltage of 15 kV and a magnification of 2000x.
The cathode edges are marked in yellow and the integrated area in between
is shown in red, based on the grayscale of the image. Red areas outside the
cathode are not included in the evaluation.
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calculated from the transferred weight of carbon in the hot pressing
process and the packing density.

Results and Discussion

In this study, we present the aging behavior of MEAs exposed to
different voltage cycling protocols, with the respective voltage tran-
sients shown in Figure 2. The most commonly used AST is a potential
scan between 0.6 and 1.0 VRHE at a scan rate of 50 mV/s and 80◦C
in inert gas atmosphere, termed TW in this manuscript (Figure 2a).
In addition, many researchers reported the aging behavior of MEAs
exposed to square wave (SW) voltammetry (Figure 2b), since the
combination of fast potential transients and hold periods has proven
to accelerate catalyst layer degradation.39,40 However, it is not well-
understood yet, whether the holding time at the respective potential
or the fast transient from one to the other potential is the dominating
factor for the observed electrode degradation. To deconvolute between
TW and SW modulations, triangular scans were combined with a po-
tential hold period (TW–H) in order to eliminate the fast potential step
whilemaintaining the effect of the hold time (Figure 2c). Furthermore,
electrode aging by a TWmodulation between 0.6 and 1.0 VRHE will be
compared to a TW modulation with the same lower voltage limit but
with a lowered upper potential limit of 0.85 VRHE (TW-LUPL), where
carbon support corrosion can safely be assumed to be negligible and
where Pt dissolution rates are expected to be reduced (Figure 2d).
Finally, our study is complemented by a potential hold experiment
at 1.2 Vcell for 8 h (under N2 at 95◦C, 100% RH, and 100 kPaabs) to
degrade the carbon support structure via COR, while maintaining a
reasonably high electrode roughness factor. All of the aging proce-
dures were conducted on high-loaded (0.4 mgPt/cm2) and low-loaded
cathodes (0.1 mgPt/cm2) to identify similarities and/or differences in
the aging behavior with respect to the ECSA and mass activity orig-
inating from different catalyst layer loadings. Moreover, changes of
the cathode O2 mass transport resistance upon aging, especially with
respect to the local O2 mass transport resistance which is commonly
observed to be a function of the electrode rf was of major interest in
this study.9,10,41 The utilization of high- and low-loaded catalyst layers
enables a comparison over a wide range of rf, i.e., to compare low
Pt specific current densities (A/cm2Pt) for high-loaded MEAs (high rf)
to high specific current densities after aging of low-loaded cathodes
(low rf). However, to establish a valid comparison of the total mass
transport resistance, the same catalyst layer thickness was maintained
(≈10 μm) for all MEAs at BOT by utilizing a 50%wt Pt/C catalyst for
high-loaded and a 20%wt Pt/C catalyst for low-loaded electrodes.

ECSA evaluation: HUPD vs CO stripping.—To evaluate the degra-
dation of the Pt surface area over the course of MEA aging, CVs were
recorded after each aging stage, exemplarily shown in Figure 4a for
a single low-loaded MEA (0.1 mgPt/cm2) exposed to SW aging be-
tween 0.6 and 1.0 VRHE (see Figure 2b). To determine the ECSA by
integration of the HUPD charge, additional CVs with a limited upper
potential (0.6 VRHE) were recorded (not shown) to avoid a contribution
of charge originating from the reduction of the Pt surface.42 Due to
the above outlined Pt dissolution/redistribution mechanisms, the HUPD
features of the CV degrade significantly, i.e., a decrease of the cathode
rf is observed over the course of extended voltage cycling. In general,
the evaluation of the ECSA via integration of the pseudo-capacitive
HUPD current is influenced by a superimposed faradaic current at low
potentials, originating from the hydrogen evolution reaction (HER).
This superposition is especially dominant at low rf, as the rate of the
HER above 0 VRHE in cyclic voltammetry is mostly thermodynam-
ically controlled (i.e., it does not depend significantly on the active
Pt surface area), whereas the pseudo-capacitive HUPD charge scales
directly with the available Pt surface area. Hence, the strong decrease
of the rf in the course of the voltage cycling AST renders the deter-
mination of the ECSA via the HUPD method increasingly erroneous,
requiring the implementation of CO stripping to reliably determine
the remaining Pt surface area for very low rf values,43 i.e., towards the
end of the aging protocol.

Figure 4. a) CVs of the cathode after different aging stages during a SW-
based AST between 0.6 and 1.0 VRHE (see Figure 2b). CVs were conducted at
a scan rate of 150 mV/s from 0.07 to 1.00 VRHE at ambient pressure and 40◦C
(the anode was supplied with 200 nccm of 5% H2 (in N2) and the cathode N2
flow was 50 nccm (set to zero flow when recording the CVs)). b) CO stripping
voltammograms after subtraction of the subsequent anodic sweep, recorded at
a scan rate of 100 mV/s to 1.1 VRHE at 150 kPaabs and 40◦C (constant flows
of 200 nccm 5% H2 on the anode and 5 nccm N2 on the cathode). CO was
adsorbed for 10 min at a flow rate of 100 nccm prior to the CV, maintaining
the potential at 0.1 VRHE. To remove residual CO gas from the cell and the
test station, a purging procedure with N2, lasting approximately 1.5 h was
executed.

Representative CO stripping measurements are shown in Figure
4b after subtraction of the second anodic scan. The peak for CO
oxidation occurs at ≈0.81 VRHE, which is consistent with reports by
other researchers for CO oxidation on Pt nanoparticles,44 mainly dom-
inated by CO oxidation on Pt(111) facets.45,46 Furthermore, a second
peak at ≈0.74 VRHE is observed, representing Pt(110)-like planes.47
Since those facets are less prone to dissolution upon surface oxi-
dation/reduction, this peak becomes more dominant upon potential
cycling. Consistent with the decrease in HUPD features, the charge
associated with the oxidation of COads decreases significantly dur-
ing cathode aging. Since ECSA determination via HUPD is reason-
ably accurate for high rf values, the charge ratio between HUPD and

CO stripping remains constant (
ECSAHUPD
ECSACO

≈ 0.8) throughout the first
phase of aging (up to ≈3000 cycles). As the Had formation is not
quantitative in the applied potential range (≥ 0.07 VRHE), the ECSA
determined by the HUPD method is slightly underestimated compared
to the ECSA determined from CO stripping, hence their ratio is below
unity.48 In the course of potential cycling, the ratio decreases sig-

nificantly (
ECSAHUPD
ECSACO

< 0.1 after 10000 cycles), as the electrode rf ap-
proaches very low values where the HUPD currents are small compared
to the capacitive current contributions from the carbon support. As CO
strippingwas only implemented for electrodeswith a considerably low
rf, and HUPD was the preferred method for ECSA determination (due
to its experimental simplicity), comparability of these two techniques
was assured by introducing a scaling factor. The scaling factor was
calculated as the ratio of ECSA determined by HUPD and CO stripping
at BOT and was used to correct the values determined by CO stripping
to an “HUPD-derived” ECSA at low rf (denoted by open symbols in
figures showing ECSA data in this manuscript).

ECSA evolution during voltage cycling ASTs.—A decrease of
the ECSA with increasing number of voltage cycles for each cathode
loading and aging protocol is given in Figure 5, eventually reach-
ing similarly low ECSA values on the order of 5–10 m2Pt/g after
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Figure 5. a) Cathode ECSA of all tested MEAs with cathode loadings of
0.4 mgPt/cm2 (blue symbols) and 0.1 mgPt/cm2 (orange symbols), recorded
for TW cycling between 0.6 and 1.0 VRHE (s. Figure 2a; solid lines, circles)
as well as SW cycling between 0.6 and 1.0 VRHE (s. Figure 2b; long-dashed
lines, diamonds). For 0.4 mgPt/cm2 loadings, also a TW-H profile (s. Figure 2c;
short-dashed lines, triangles) was examined, while for 0.1 mgPt/cm2 loadings
a triangular cycle with a lowered upper potential limit of 0.85 VRHE (s. Figure
2d; short-dashed lines, stars) was tested. The single point labeled CP (blue
star symbol placed at 30000 cycles) depicts the ECSA after an 8 hour hold at
1.2 Vcell, (under N2 at 95◦C, 100% RH, and 100 kPaabs), where substantial
carbon support oxidation occurs. For high rf values, the ECSA was evaluated
from the integration of the Hupd area, shown by a full symbol in the graph;
for low rf values, the ECSA was determined by CO stripping and corrected
by the scaling factor to allow comparability with the ECSA determined from
HUPD (denoted by open symbols). b) ECSA evolution over voltage cycling
normalized to its initial value. The error bars represent the mean absolute
deviation between two independently conducted experiments for each AST. c)
Particle size distribution for the 20%wt Pt/C catalyst (orange) and the 50%wt
Pt/C catalyst (blue).

30000 cycles (apart from the TW-LUPL and CP protocols). Since
the change of potential in the applied ASTs results in a repetitive
reduction/oxidation of the Pt surface, Ostwald ripening and a loss of
Pt into the ionomer phase are expected to be the major contributors
to the overall loss of active surface area. The gradual stabilization of
the ECSA after extended voltage cycling, also observed in previous
studies,49 is likely due to the higher thermodynamic stability of larger
Pt particles against dissolution. In contrast to the similar trend of de-
caying ECSA for all tested samples, its evolution with respect to the
aging protocol and the cathode loading differs widely. First of all, it is
noteworthy that the ECSA at BOT is higher for low-loaded cathodes
(68± 1m2Pt/g) compared to those with a higher loading (55± 1m2Pt/g).
As mentioned earlier, the electrode thickness was maintained constant
for all tested MEAs (≈10 μm), which required a catalyst with 20%wt

Pt content to prepare low-loaded catalyst layers, whereas 50%wt Pt/C
was used for high-loaded electrodes. Even though both catalysts were
obtained from the same supplier, Pt nanoparticles are commonly more

homogeneously dispersed on the carbon support at low Pt to carbon
ratio. This leads to a lower degree of Pt agglomeration, hence a lower
average particle size and higher ECSA.50 In fact, an evaluation of
the particle size distribution (Figure 5c) by counting ≈400 individual
particles (in TEM images) revealed a number averaged diameter of
2.8 ± 0.8 nm and 3.2 ± 1.0 nm for 20%wt and 50%wt Pt/C, respec-
tively. As reported frequently by other researchers, Ostwald ripening
is more pronounced for small particles compared to larger ones due
to their intrinsically lower stability versus dissolution upon oxidation/
reduction.19 In accordance with this, for any given aging protocol,
a faster decay of the ECSA is observed for low-loaded (orange col-
ored in Figure 5) compared to high-loaded cathodes (blue colored in
Figure 5). In summary, the observed relatively stronger ECSA fade for
lower catalyst layer loadings in this study is not primarily caused by
the cathode loading itself, but is most likely due to the different aging
behavior of Pt nanoparticles with different size and different degrees
of agglomeration.
Comparing different aging protocols, the ECSA loss is more pro-

nounced for MEAs subjected to SW aging (long-dashed lines) com-
pared to TW aging (solid lines), resulting in a dramatically low ECSA
already after 10000 square wave cycles between 0.6 and 1.0 VRHE
(11 m2Pt/g for high-loaded and 5 m

2
Pt/g for low-loaded cathodes). The

accelerated degradation caused by squarewave compared to triangular
wave aging has frequently been observed for PEMFCs,40 as well as in
liquid electrolyte.39 There are four possible hypotheses to rationalize
the faster degradation during SW cycling: i) a more significant carbon
corrosion due to an extended hold period at high potential, eventually
resulting in Pt particle detachment, accompanied by a thinning of the
cathode catalyst layer; ii) the fast potential transient of the square
wave modulation (>4 V/s) could induce more severe Pt dissolution
forced by a fast reconstruction of the Pt surface from an oxidized to a
reduced state; iii) the holding time at high potential induces a growth
of the oxide, resulting in a stronger dissolution in the subsequent ca-
thodic scan;51 or, iv) the hold time at high anodic potentials provides
more time for Pt dissolution and diffusion through the ionomer phase.
As was shown by Cherevko et al., polycrystalline Pt in 0.1 M H2SO4
dissolves at constant anodic potential during about 600 s which is
in the same order of magnitude as the dissolution during a poten-
tial transient.52 The constantly released Pt ions can diffuse towards
the membrane, where they are reduced by H2 permeating through
the membrane from the anode, causing a redeposition of electrically
disconnected Pt particles within the ionomer phase.20 The following
analysis will shed some light onto the origin of the different aging of
MEAs exposed to SW or TW potential profiles as well as at the degra-
dation caused by holding at high potential to deliberately corrode the
carbon support.
To investigate whether significant carbon support corrosion takes

place over the course of the various voltage cycling protocols,
which should lead to cathode thinning, MEA cross sections were
prepared at EOT and imaged by SEM. Since the initial thickness
of the electrodes at BOT could not be determined by SEM with-
out damaging the MEA, the packing density of high-loaded and
low-loaded catalyst layers was evaluated by measuring the thick-
ness and catalyst loading of pristine MEAs (amounting to 22 ±
4 μm/(mgC/cm2), see experimental section), from which the ini-
tial thickness of each MEA could be calculated by its measured
catalyst weight. The catalyst layers exposed to TW or SW ag-
ing between 0.6 and 1.0 VRHE (Figures 6a/6b/6d/6e) show no
catalyst layer collapse compared to a pristine MEA (Figure 6c),
eliminating carbon corrosion as a likely contributor to the overall
degradation. Interestingly, the catalyst layers depicted in Figures 6a/6b
and 6d/6e show a bright area at the cathode/membrane interface, rep-
resenting an accumulation of Pt in the membrane phase, caused by
precipitation of dissolved Pt in the ionomer phase.20,30 However, due
to the rather qualitative nature of such SEM images, no conclusion on
the quantitative differences between the amount of deposited Pt during
TW and SW cycling can be drawn, even though the larger ECSA loss
in the SW protocol points towards a higher amount of disconnected
Pt. The absence of cathode thinning was also confirmed for all other
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Figure 6. SEM cross-section images of MEAs at BOT and after 30000 poten-
tial cycles: low-loaded MEAs (0.1 mgPt/cm2) after TW (a) and SW (e) aging
between 0.6 and 1.0 VRHE. High-loaded catalyst layers (0.4 mgPt/cm2) of a
pristine MEA (c), an MEA after 30000 TW cycles and c) an MEA after SW
cycles between 0.6 and 1.0 VRHE. Images were taken by SEM at a magnifica-
tion of 2000x in electron back-scattering mode. f) Average cathode thickness
of MEAs subjected to different aging protocols both at BOT (left-hand bars
in each group) and at EOT (right-hand bars in each group), with high-/ and
low-loaded cathodes shown in blue/orange color, respectively. The error bars
represent the standard deviation between two independently conducted exper-
iments for each aging protocol; voltage cycling aging protocols are described
in Figure 2 and CP refers to cathodes subjected to an 8 hour potential hold at
1.2 Vcell (under N2 at 95◦C, 100% RH, and 100 kPaabs).

cathode electrodes which had been subjected to voltage cycling tests,
whose thicknesses was found not to change between EOT and BOT,
as is shown in Figure 6f. Quite clearly, carbon support corrosion must
be rather minor over 30000 voltage cycles between 0.6 and 1.0 VRHE
since any significant carbon corrosion is accompanied by cathode
thinning (noticeable once ca. 5–7% carbon are corroded).53 However,
we cannot fully exclude the possibility that a small extent of carbon
corrosion might occur (small enough to not lead to cathode thinning),
which then could contribute to the observed ECSA degradation by a
particle detachment mechanism. To determine the effect of substan-
tial carbon support corrosion on the ECSA, cathodes were held for
8 hours at 1.2 Vcell (under N2 at 95◦C, 100% RH, and 100 kPaabs),
which resulted in a decrease of the catalyst layer thickness by≈40%;
despite the large extent of carbon corrosion, the ECSA remained at a
reasonably large value of ≈22 m2Pt/g (blue asterisks in Figure 5).
To obtain further insights into the origin of the faster degradation

upon SW aging, seeking to differentiate between ECSA loss caused
by the holding time at high potential which might enhance Pt loss
into the membrane phase and that originating from the fast Pt oxida-
tion/reduction transient in SW cycling, the potential step in the SW
protocol was replaced by a potential sweep with the same scan-rate
as in the TW protocol (Figure 2c). This voltage cycling AST is re-

ferred to as TW–H. As shown in Figure 5, the decrease of the cathode
ECSA over the course of SW (blue long-dashed line, diamonds) and
TW-H (blue short-dashed line, triangles) is identical, indicating that
the rapid potential transient has no influence on the ECSA degrada-
tion and that it is rather the holding time at each potential that is
the controlling factor. This can either be explained by the higher ox-
ide coverage of Pt formed at longer holds at high potential, which
Gilbert et al. hypothesized to lead to a larger extent of Pt dissolution
during a subsequent step to lower potentials at which the oxide is
reduced, leading to faster ECSA losses for SW profiles.51,39 An alter-
native explanation is that the holding time at high potentials allows
for a longer time of Pt dissolution and subsequent diffusion in the
ionomer phase towards the cathode/membrane interface, where it can
deposit as electrically insulated particles by reduction with cross-over
hydrogen. The latter mechanism would explain the apparently higher
accumulation of Pt at the cathode/membrane interface for the SW
compared to the TWmodulation suggested qualitatively by the above
SEM analysis (compare Figures 6a/6b and 6d/6e). Therefore, our ex-
periments suggest that the faster degradation by SW cycling is caused
by amore severe Pt dissolution and simultaneously allowing sufficient
time for Pt diffusion towards the cathode/membrane interface and its
deposition as electrically insulated particles, rather than by carbon
support corrosion or the fast voltage transient. It shall be mentioned
that the aging per time interval was in fact smaller for TW-H com-
pared to SW, since both methods showed a similar degradation per
cycle while one scan in the TW-H procedure required double the time
(32 sec) compared to SW (16 sec). However, the cathode potential
remains below 0.9 VRHE for a substantial fraction of the time, while
we believe that higher potentials are most detrimental for the ECSA.
To probe the degradation at lower potentials, a triangular scan

procedure with a lower upper potential limit (TW-LUPL) of 0.85VRHE
(orange star symbols and short-dotted lines in Figure 5) was tested.
In this case, carbon corrosion most certainly will not play a role, so
that aging from Pt detachment from the carbon support can surely
be excluded (the above analysis suggests, carbon corrosion is not
a major contributor to ECSA loss even for upper potentials as high
as 1.0 VRHE). In addition, Pt dissolution/redeposition effects should
also decrease substantially, since the degree of Pt surface oxidation
is limited, leading to less Pt dissolution, hence to a smaller overall
ECSA loss (40% after 30000 aging cycles).20 Since the ECSA loss
during TW-LUPL is comparatively low, we conclude that most of
the additional time during TW-H compared to SW is non-damaging,
e.g. below 0.85 VRHE. We therefore believe that the lower amount of
ECSA loss per time (not per cycle) in the TW-H procedure can be
mainly attributed to the additional time at these low, non-damaging
potentials. In the light of the rather small ECSA loss when limiting
the upper potential to 0.85 VRHE (TW-LUPL) compared to the TW
aging protocols with an upper potential limit of 1.0 VRHE for which
ECSA losses of≈90% over 30000 cycles are observed, avoiding high
voltages (e.g., OCV) appears highly advisable to maximize PEMFC
durability.

AST induced ORR activity changes.—Assuming simple Tafel ki-
netics for the ORR according to Equation 1, lowering the cathode rf
over the course of ASTs should directly cause an increase of the ORR
overpotential according to:6,54

η = T S ·
[
lg

(
i

i0
· 1

r f

)]
[1]

where η denotes the ORR overpotential in mV, TS is the Tafel slope
in mV/dec, i denotes the current density in A/cm2, i0 is the exchange
current density in A/cm2Pt, and rf denotes the roughness factor in
cm2Pt/cm

2.
In Figure 7a, differential flow H2/O2 polarization curves at 80◦C

and 100% RH are shown for all AST protocols at BOT and after 30000
aging cycles. First of all, a voltage offset is observed in the initial
polarization curves of low-loaded (solid orange lines) compared to
high-loaded (solid blue lines) cathodes at BOT. Based on simple Tafel
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Figure 7. Differential flow H2/O2 (2000/5000 nccm) performance for
MEAs with 0.4 mgPt/cm2 (blue lines/symbols) and 0.1 mgPt/cm2 (orange
lines/symbols) cathodes at BOT (solid lines and filled symbols) and at EOT,
i.e., after 30000 voltage cycles or an 8 hour hold at 1.2 Vcell (dotted lines or
hollow symbols). a) Measured cell voltage curves at a pressure of 170 kPaabs,
a temperature of 80◦C, and an RH of 100%. b) Tafel plot representation nor-
malized to the ECSA, corrected by the HFR, the effective proton conduction
resistance, as well as by the H2 crossover and electrical short current. BOT
polarization curves of all tested MEAs were averaged and error bars represent
the standard deviation of all tested MEAs. Error bars for EOT curves represent
the mean absolute deviation between two measurements. The two slanted lines
in b) indicate the specific current density region for high-loaded (blue) and
low-loaded (orange) MEAs at BOT.

kinetics (Equation 1) and anORRTafel slope of 70mV/dec, four times
lower Pt cathode loadings should result in an approximately four times
lower roughness factor (as the catalyst ECSA is very similar) and thus
to an additional overpotential of≈42 mV at the same current density,
which is in excellent agreementwith the observed offset between high-
and low-loadedMEAs (e.g., 737± 3 mV vs 695± 8 mV at 1.5 A/cm2
(42 ± 11 mV) for high- and low-loaded electrodes, respectively).
Over the course of 30000 voltage cycles (≡ EOT condition), the

polarization curves of all tested MEAs degrade significantly, with a
more severe performance decay for low-loaded MEAs (e.g., 214 mV
loss at 2 A/cm2 for the TW protocol) compared to high-loaded MEAs
(39 mV loss at 2 A/cm2). When comparing polarization curves from
different aging protocols, the previously identified higher ECSA loss
for SW compared to TW cycling correlates well with the observed
performance difference in the O2 polarization curve at EOT for both

loadings. Furthermore, a similar performance decay is observed for
the TW-H and SW protocol, e.g., a voltage of 593± 8 mV for SW and
575 ± 1 mV for TW-H at 2 A/cm2 and EOT, which is in accordance
with the comparable loss of ECSA. In contrast to the other AST
protocols, EOT polarization curves for the TW-LUPL protocol do not
show any degradation compared to BOT, reflecting the comparably
low degradation of the ECSA.
To determine the specificORR activity for eachMEA, the polariza-

tion curveswere corrected by theHFR (RHFR), theH2 crossover current
(iH2−cross, on the order of≈4 mA/cm2), the shorting current (ishort), the
effective proton conduction resistance in the cathode catalyst layer
(Rcath,effH+ ), and were normalized to the Pt surface area (Figure 7b).
As expected for H2/O2 polarization curves dominated by kinetic over-
potentials, all data points fall on a straight line, with a BOT Tafel slope
of 70 ± 3 mV/dec for high-loaded and 73 ± 3 mV/dec for the low-
loaded MEAs. After 30000 voltage cycles, the apparent Tafel slope
of high-loaded MEAs, determined in the low current density region
(50–500 mA/cm2), increases to 79 ± 1 mV/dec for TW aged MEAs
and more significantly (≈90 mV/dec) for the SW and TW–H aging
protocols. Tafel slopes of around 120–160 mV/dec were observed for
low-loaded MEAs subjected to 30000 TW and SW cycle protocols,
while the Tafel slope remained unchanged over the course of the TW-
LUPL voltage cycling AST. An increasing Tafel slope upon aging
was also observed by other researchers,21 and is attributed to addi-
tional, non-kinetic overpotentials, such as O2 mass transport or proton
transport losses which apparently increase with extended voltage cy-
cling. Since the electrode thickness remained unchanged (Figure 6f),
even for the most damaging aging protocols (SW and TW-H), a hin-
drance of the gas phase mass transport caused by a deterioration of
the overall catalyst layer structure can be excluded. Although, slight
corrosion of the catalyst support and a concomitant slight decrease
of the available pore volume cannot be fully excluded, cathode thin-
ning was clearly not observed by SEM in any of our experiments.
Additionally, changes of the Tafel slope due to loss or restructura-
tion of the ionomer can be excluded as the proton transport resistance
did not change significantly upon voltage cycling (not shown) and
major chemical degradation of the ionomer can be excluded due to
the absence of oxygen in the largest fraction of the experimental
time.56

We would like to emphasize that these measurements were per-
formed with pure O2, where gas phase O2 transport resistances can be
excluded as possible cause for the increasing apparent Tafel slopes.
It is also worth noting that these severe and unassigned mass trans-
port overpotentials occur at similar values of the Pt specific current
density (near≈0.05 A/cm2Pt) in all H2/O2 polarization curves. At high
Pt specific current densities, caused by ultra-low rf values, additional
voltage losses have also been observed by other researchers.9,10,55

Since this overpotential occurs at high geometric current densities
and low cathode rf values, i.e., at high local oxygen flux to the Pt
surface, we hypothesize that it is related to oxygen transport limita-
tions at the catalyst/ionomer interface. Suggestions for the observed
voltage losses at high Pt-specific currents by other research groups
include a limited dissolution of oxygen into the ionomer phase,57 an
intrinsically high transport resistance of the thin ionomer phase,58 a
limited effective ionomer surface,10,37 or a decrease of the ORR kinet-
ics at low potential.59 Although we cannot exclude any one of these
effects, a Pt/ionomer specific resistance appears most reasonable to
explain the observed voltage losses at high Pt-specific currents, as the
voltage profile shows a shape resembling a mass transport limitation,
rather than a kinetic phenomenon.
A linear regression of the measured data in the current density

range from 50 to 500 mA/cm2 and extrapolation to 0.9 VRHE yields
the kinetic ORR activity at 0.9 VRHE (at 120 kPaabs O2 partial pres-
sure), commonly used to compare the catalytic activity of platinum. It
can either be normalized to the measured ECSA to yield the specific
current density for the ORR at 0.9 VRHE (i

spec
0.9 V, Figure 8b) or to the

mass of Pt in the cathode catalyst layer to yield the mass activity
for the ORR at 0.9 VRHE (i mass0.9 V, Figure 8a) to enable comparabil-
ity between all experiments. In general, the here determined ORR
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Figure 8. a) ORR mass activity at 0.9 V (i mass0.9 V ) and b) ORR specific activity
at 0.9 V (i spec0.9 V) extracted from Figure 7 for MEAs with 0.4 mgPt/cm

2 (blue
lines/symbols) and 0.1 mgPt/cm2 (orange lines/symbols) cathodes over the
course of various ASTs. The exchange current density at 0.9 V was obtained
by a linear regression of fully corrected polarization curves in O2 between 50
and 500 mA/cm2.

mass activities at BOT (≈110–140 A/gPt for the 20%wt Pt/V catalyst
and ≈85–105 A/gPt for the 50%wt Pt/V catalyst) compare well with
those reported by other researchers for Pt supported on Vulcan type
carbon.7,60,61 In accordance with the severe ECSA loss in most of the
here examined aging protocols, the overall surface available for the
ORR decreases significantly from BOT to EOT (low-loaded TW, SW
and TW-H: ≈90% ECSA loss), there is also a significant loss of i mass0.9 V
over the course of aging for all loadings and aging procedures (see
Figure 8a). Comparing TW (solid lines, circles) and SW (long-dashed
lines, diamonds), the decrease of i mass0.9 V as a function of cycle num-
ber is more pronounced for SW profiles, which is directly correlated
to the stronger ECSA loss (see Figure 5). To clarify, the accelerated
decrease of i mass0.9 V by SW compared to TW modulations most likely
represents a true change in the ORR kinetics, as interference from
O2 mass transport resistances in pure O2 in the low current density
region (data evaluation was restricted to a maximum current density
of 500 mA/cm2) should be negligible. This assumption is reasonably
justified since only a slight increase in the apparent Tafel slope was
observed upon aging (e.g., 70 ± 3 mV/dec at BOT increases to 86 ±
2 mV/dec at EOT for high-loaded SW cycled cathodes) and since we
eliminated regions at high specific current density (where local trans-
port resistances could be important) from the analysis. As expected
from our preceding analysis of the ECSA development (see Figure 5),
the mass activity of electrodes aged by TW-H cycles is essentially
identical to those aged by SW cycles (compare blue triangle and dia-
mond symbols in Figure 8a), underlining our previous hypothesis that
the potential hold phase is the dominating factor for MEA degradation
during square wave aging. Finally, the ORRmass activity loss over the
TW–LUPL procedure (orange stars) is significantly lower compared

to the other protocols, which again is in accordance with the lower
ECSA loss.
It is interesting to note that in contrast to the overall trend of

decreasing ORR mass activity, i mass0.9 V reaches a maximum after 100
cycles, particularly noticeable for low-loaded MEAs. This could be
ascribed to an activation of the catalyst particles due to cleaning of
the Pt surface, which might overcompensate the ECSA loss of ≈20%
in the initial 100 cycles. If true, this would mean that the initial acti-
vation procedure (see experimental section) was not sufficient to fully
activate the cathode catalyst layer. Alternatively, there is the possi-
bility that the measurement sequence (described in Figure 1) might
influence the observed small variation of the measured ORR activity.
While the O2 polarization curves at BOT as well as at 10000, and at
30000 cycles were recorded after polarization curves in 10%O2 and in
air (each approximately 3.5 h), all other O2 polarization curves were
recorded directly after a recovery step. Thus, it is possible that after
these two polarization curves without an intermediate recovery step,
a certain extent of reversible degradation (i.e., Pt poisoning) might
have occurred,62 resulting in a lower ORR mass activity. Evidence for
this behavior can be seen for the low-loaded MEAs tested with the
TW-LUPL procedure (orange stars in Figure 8a), where ORR mass
activities were always higher when measured directly after a recovery
step (i.e., at 100, 1000, 3000 and 20000 cycles), while reproducibly
lower values were obtained in the absence of a directly preceding re-
covery step (at BOT as well as at 10000 and 30000 cycles). Since the
overall degradation rate induced by the TW-LUPL procedure is rather
small (≈40% loss in ECSA and i mass0.9 V after 30000 cycles), this presum-
ably testing procedure related inaccuracy of ≈10% in the quantifica-
tion of i mass0.9 V might have become apparent. Nevertheless, this minor
uncertainty in ORR mass activity values is of no consequence to the
conclusions drawn from these data.
Further insights into the aging process can be obtained by exam-

ining the specific ORR activity at 0.9 VRHE, i
spec
0.9 V, as shown in Figure

8b. It is well-known that small Pt nanoparticles have a lower specific
ORR activity due to their relatively larger amount of edge and corner
sites compared to larger nanoparticles.63 Amongst others, Mayrhofer
et al. found an increase of the specific activity of Pt particles by a
factor ≈2 when going from 1 nm sized particles to 5 nm.64 In our
case, the determined specific ORR activities of low-loaded (182 ±
18 μA/cm2Pt) and high-loaded MEAs (177 ± 16 μAcm2Pt) at BOT are
essentially identical, consistent with the very similar average particle
size of the two catalysts (2.8 ± 0.8 nm for 20%wt Pt/C and 3.2 ±
1.0 nm for 50%wt Pt/C). In the course of aging, the specific activity
increases for all tested MEAs due to the constantly growing fraction
of larger particles. The highest observed ORR activity (≈1 mA/cm2Pt)
was found for low-loaded catalyst layers with the most significant
ECSA loss (Figure 5) due to the harsh SW aging protocol. However, it
shall be noted that the determination of the catalyst activity is slightly
impaired by an increased Tafel slope for MEAs with a very small rf
value, hence the calculation of i spec0.9 V becomes increasingly erroneous
for strongly aged catalyst layers due to difficulties in determining
kinetic parameters accurately.

AST induced H2/air and H2/10%O2 performance losses.—To
obtain further information about mass transport related overpotentials
induced by the different aging protocols, polarization curves in air
and 10% O2 (to simulate conditions at the cathode outlet of a PEMFC
stack operated at an air stoichiometry of ≈1.75) were measured at
several aging stages (Figure 9). The solid lines are the average BOT
performance ofMEAs with 0.4 mgPt/cm2 (blue) and 0.1 mgPt/cm2 (or-
ange) cathode loadings at the here investigated operating conditions
of 170 kPaabs, 80◦C, and 100% RH (error bars represent the stan-
dard deviation across all measured MEAs, indicating the excellent
reproducibility of the performance at BOT). Similarly to polarization
curves in O2 (Figure 7a), a clear offset between high-loaded and low-
loaded cathodes, resulting from a different cathode rf, is observed for
BOT polarization curves in air (e.g., 689 ± 3 mV vs 634 ± 10 mV at
1.5 A/cm2 for high- and low-loaded electrodes, respectively) and 10%
O2 (e.g., 620 ± 10 mV vs 496 ± 9 mV at 1.5 A/cm2 for high- and
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Figure 9. Differential flow a) H2/air and b) H2/10% O2 (2000/5000 nccm)
performance (170 kPaabs, 80◦C, and 100% RH) for MEAs with 0.4 mgPt/cm2

(blue lines/symbols) and 0.1mgPt/cm2 (orange lines/symbols) cathodes at BOT
(solid lines and filled symbols) and at EOT, i.e., after 30000 voltage cycles or
an 8 hour hold at 1.2 Vcell (dotted lines or hollow symbols). BOT polarization
curves of all tested MEAs were averaged and error bars represent the standard
deviation of all measurement points. At EOT, error bars represent the mean
absolute deviation of two measurements.

low-loaded electrodes, respectively). In contrast to pure O2, where the
offset perfectly matched the increase of ηORR predicted by Equation
1, the voltage loss for low-loaded MEAs in air (e.g., 55 ± 13 mV at
1.5 A/cm2) and 10% O2 (e.g., 124 ± 19 mV at 1.5 A/cm2) was much
higher than the kinetically expected penalty. The additional voltage
loss for low-loaded cathodes in air, being even more pronounced in
10% O2, is an initial hint on a mass transport overpotential related
to the rf value of the cathode. Several other researchers reported the
occurrence of such a Pt surface area specific O2 mass transport re-
sistance (termed RPtO2 in this manuscript) for pristine cathodes with
different loadings and showed its substantial increase with decreasing
cathode rf values by limiting current measurements.8–10,41

High-loaded MEAs aged by the SW and TW-H protocol (open
blue diamonds and triangles in Figure 9) show a similar performance
at EOT, which was significantly lower compared toMEAs aged by the
TW protocol (open blue circles). This is in accordance with the above
discussed O2 polarization curves (Figure 7a) and ECSA losses (Figure
5a). Even though the overall performance losses are rather dramatic
for the low-loaded MEAs, they also show the same increased aging
when subjected to SW rather than TW voltage cycling (open orange
diamonds and circles). However, as one might have hoped based on
the ECSA (Figure 5) and ORR mass activity (Figure 8a) data, even
with low-loaded cathodes no voltage cycling induced performance
losses occur over 30000 cycles when using the TW-LUPL protocol
with a lowered upper voltage limit of 0.85 VRHE, neither in H2/air nor
in H2/10% O2 (orange stars in Figure 9).
An interesting insight into the rf dependent RPtO2 induced losses

can be gained by comparing the H2/air EOT performance of the
high-loaded cathode subjected to TW cycling (open blue circles)
and the low-loaded cathode subjected to TW-LUPL cycling (orange
stars). At EOT, the high-loaded cathode has a slightly higher rough-
ness factor (56 ± 12 cm2Pt/cm

2) compared to the low-loaded cathode
(42 ± 2 cm2Pt/cm

2), so that one would expect a similar or an even
lower RPtO2 value for the former. At the same time, the specific
ORR activity at 0.9 VRHE for the high-loaded cathode (350 ± 29
μA/cm2Pt) is substantially larger than that for the low-loaded cathode
(224± 7 μA/cm2Pt). Since the product of (i

spec
0.9 V · r f ), equating to 19.6

mA/cm2Pt for the high-loaded and 9.2mA/cm
2
Pt for the low-loaded cath-

ode, is proportional to (i0 · r f ) under the same operating conditions,
the ηORR difference predicted by Equation 1 is ≈23 mV, suggesting
that the kinetically predicted EOT performance of the high-loaded
cathode subjected to TW cycles should be ≈23 mV higher than that
of the low-loaded cathode subjected to TW-LUPL cycles. This is con-
sistent with the higher H2/O2 performance of the former (see Figure
7a) and also its superior low current density performance in H2/air
or H2/10%O2 (see Figure 9). However, despite its higher EOT rough-
ness factor, the TW-aged high-loaded cathode exhibits a larger (unas-
signed) mass transport loss, evident by its lower H2/air or H2/10%O2
performance at current densities above≈1A/cm2 (see Figure 9). Since
no significant differences in the effective proton conduction resistance
(measured by EIS) were observed between these two electrodes, an
apparently larger oxygen transport resistance, which is not simply re-
lated to the cathode rf value and produced by voltage cycling, must
exist. Its origin is unclear at the moment, but it may be related to
the morphological changes and redistribution of Pt within the cathode
electrode caused by voltage cycling.

O2 transport resistance evaluation.—In order to disentangle mass
transport resistances originating from gas transport in the flow fields
and theGDL from those in the catalyst layer, and to identify resistances
dependent on the cathode rf value, limiting current measurements
were executed according to the method developed by Baker et al.36

In this approach, the concentration of O2 (dry gas fraction in N2)
in the feed gas is varied from 4% to 24%, while a low potential
between 0.05 and 0.30 V is applied to obtain the limiting current,
where the O2 concentration at the Pt surface decreases to zero and
the current-voltage profiles at different O2 concentrations resemble a
vertical line (see Figure 10a). For each concentration, the O2 mass
transport resistance is calculated and plotted versus the respective
limiting current density, as illustrated in Figure 10b for the low-loaded
cathode MEAs at BOT and after 30000 SW cycles (for details on the
analysis see Simon et al.).32

For all cathodes at BOT, the total oxygenmass transport resistance,
R total
O2

, is essentially independent of the limiting current density at all
pressures (see triangles in Figure 10b and its inset), as is expected
under these conditions for the Freudenberg GDL.65 Furthermore, the
determination of the limiting current density at various pressures en-
ables the separation of R total

O2
into a pressure dependent (RPDO2 ) and a

pressure independent (RPIO2 ) oxygen mass transport resistance via a
linear regression of R total

O2
versus the absolute pressure (Figure 10c).
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Figure 10. a) Limiting current measurement in the potential range between
0.30 and 0.05 V at O2 concentrations of 4%, 12%, and 21%, comparing a
0.1 mgPt/cm2 cathode at BOT (triangles) and after 30000 SW cycles (circles).
Measurements were performed at 80◦C, 100% RH, and 170 kPaabs (using
2000 nccm H2 and 5000 nccm O2 in N2). b) Total O2 mass transport resistance
vs limiting current density at 170, 270, 350 and 500 kPaabs (O2 concentration
between 4% and 24%); the inset is a zoom into the low R total

O2
region at high

limiting current densities. c) R total
O2

of the BOT cathode averaged over all O2
concentrations at the respective pressure; the shown linear regression line is
used to deconvolute R total

O2
into RPDO2 and RPIO2 .

Nevertheless, a severe decrease of the limiting current is observed for
low-loaded cathodes after extended TW or SW cycling, exemplarily
shown in Figure 10a for the SW protocol (BOT ≡ triangles; EOT ≡
circles). At EOT, the limiting current density (circles in Figure 10a)
is significantly lower, and the resulting R total

O2
values are more than an

order of magnitude larger than at BOT and change severely with lim-
iting current density, especially at higher pressures (circles in Figure
10b). We attribute this unsteady transport resistance at higher pres-
sures to a local catalyst layer/GDL flooding (at an inlet RH of 100%)
due to the low limiting current, at which no significant through-plane
temperature gradient between MEA and flow field can be established,
thereby hampering product water removal through the gas phase. This
hypothesis is underpinned by the fact that the transport resistance is
strongly decreasing with increasing current density, i.e., at a higher
temperature gradient. The effect of flooding is even more pronounced
at higher applied pressures, analogous to what is generally observed.66

As the evaluation of R total
O2

at higher pressure is not reliable in cases
like the one shown in Figure 10b (circles), a deconvolution of R total

O2

Figure 11. Total oxygen mass transport resistance (R total
O2

) determined at
80◦C, 100% RH, and 170 kPaabs (differential flow of hydrogen and 4% -
21% O2 (balance N2) for high-loaded (blue) and low-loaded (orange) cath-
odes tested by different ASTs (for each, left bars are at BOT, middle bars
at 10000 cycles, and right bars 30000 cycles). R total

O2
was also separated into

pressure dependent (RPDO2 , solid bar) and pressure independent (R
PI
O2
, open bar)

oxygen mass transport resistance contributions. For certain experiments, the
deconvolution of R total

O2
was not reliable, thus only the total transport resis-

tance at 170 kPaabs is plotted as a dotted bar. Error bars correspond to the mean
absolute deviation of two repeat experiments with different MEAs.

into RPDO2 and RPIO2 is not trustworthy, hence only the total transport
resistance at 170 kPaabs is considered in these instances. The origin of
this effect is yet unclear, but as will be shown in the following, it is
not related to carbon support corrosion.
The total oxygen mass transport resistance at different stages of

the aging protocol is shown for high-loaded (blue) and low-loaded
(orange) cathodes in Figure 11, separated into pressure dependent,
RPDO2 (solid bars), and pressure independent, RPIO2 (hollow bars) con-
tributions, according to the above described analysis. All high-loaded
(average of 0.73± 0.09 s/cm), aswell as all low-loaded cathodes (aver-
age of 0.82± 0.10 s/cm) show a similar R total

O2
at BOT, demonstrating a

reproducible MEA fabrication. In general, low-loaded cathodes show
a slightly higher transport resistance than high-loaded electrodes at
BOT, as already indicated by the observed voltage losses in H2/air
(Figure 9a) and H2/10% O2 polarization curves (Figure 9b). The pres-
sure dependent transport resistance associated with the GDL is, as
expected, essentially identical for high- (RPDO2 = 0.44 ± 0.05 s/cm)
and low-loaded (RPDO2 = 0.45 ± 0.05 s/cm) cathodes at BOT. There-
fore, the differences in R total

O2
originate from a higher pressure inde-

pendent transport resistance, due to their lower cathode rf values (RPIO2
high-loaded: 0.29 ± 0.04 s/cm; RPIO2 low-loaded: 0.37 ± 0.05 s/cm).
Over the course of catalyst layer aging, the pressure dependent

transport resistance remains reasonably constant, considering that the
observed fluctuations are within the experimental accuracy. At the
same time, RPIO2 increases significantly. In general, RPIO2 is composed
of various contributions, namely Knudsen diffusion in small pores,
diffusion in the ionomer and in water, as well as of the so-called Pt
surface specific resistance (RPtO2 ). Since the ionomer content and the
overall electrode thickness was constant in all experiments, we as-
cribe the higher RPIO2 of low-loaded electrodes to a rf specific mass
transport resistance. An increase of RPIO2 was also observed by other
researchers who conducted limiting current measurements for MEAs
with different loading.9,10,37,55 In accordance with the ECSA trends
presented in Figure 5, RPIO2 increases with decreasing ECSA values
in all aging protocols. Consistently, the highest transport resistances
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were obtained for procedures which showed the most severe ECSA
losses, namely SW and TW-H for high-loaded cathodes as well as TW
and SW for low-loaded cathodes. Comparing the transport resistance
evolution for high-loaded catalyst layers, TW aging leads to less sig-
nificant increases of RPIO2 compared to SW and TW-H aging, which in
turn show a similar transport resistance at each aging interval. Taking
the similar ECSA decrease and the same performance in polarization
curves of TW-H and SW into account, it is evident that the potential
transient during aging is of minor importance, while the hold time
at high potentials is the main contributor to electrode degradation.
As described earlier, for degraded cathodes with ultra-low rf values
(low-loaded cathodes subjected to 30000 TW cycles or to ≥10000
SW cycles), the deconvolution of pressure dependent and pressure
independent resistance is not reliable, hence only the total transport
resistance at 170 kPaabs is shown in Figure 11.
To disentangle the effect of low rf values on the observed increase

of the total transport resistance from possible transport limitations
originating from carbon corrosion, cathodes were exposed to a con-
stant potential hold (CP) of 1.2 Vcell for 8 h at 95◦C and 100% RH.
This procedure results in a thinning of the catalyst layer by approxi-
mately 40%,whilemaintaining a reasonably high rf value (from 222±
10 at BOT to 90 ± 2 cm2Pt/cm2 at EOT). Despite the fact that the cat-
alyst layer structure collapses in this experiment, the total transport
resistance increases only moderately from 0.70 ± 0.01 to 0.86 ±
0.01 s/cm (see Figure 11). On the one hand, the slight increase of
the pressure independent resistance can be attributed to the loss of
ECSA, comparable to the other testing procedures which lead to lower
rf values. On the other hand, since RPDO2 is mostly associated with the
transport resistances in the flow-field, the GDL, and the in the void
volume within the catalyst layer, it would be reasonable to expect that
it increases upon cathode thinning. Nevertheless, since the pressure
dependent part of the transport resistance increases solely by 0.07 ±
0.04 s/cm (Figure 11), this hypothesis cannot be proven within the
limited accuracy of this method. Considering that no thinning was
observed for electrodes exposed to voltage cycling, the changes of
R total
O2

, and especially RPIO2 in the course of aging are clearly not at-
tributed to carbon corrosion. In other words, the much larger increase
of R total

O2
and RPIO2 over the course of all voltage cycling protocols

(with the exception of the TW–LUPL protocol) where no cathode
thinning was observed, must be related to phenomena other than car-
bon corrosion. Consistent with the essentially identical BOT and EOT
performance of low-loaded cathodes subjected to TW-LUPL cycling,
there is also essentially no increase of the total oxygen mass transport
resistance.
As a comparison to the data in literature,9 the pressure independent

part of the O2 mass transport resistance was plotted as a function of
the rf in Figure 12. The clear trend of strongly increasing RPIO2 with
decreasing platinum surface area (i.e., rf < 50 cm2Pt/cm

2) presented
here, was also observed by Greszler et al. and underlines the previ-
ously stated hypothesis that the high O2 mass transport resistance is
a strong function of the cathode rf. The fact that aged, high-loaded
electrodes show a similar RPIO2 (e.g., after 30000 TW cycles) com-
pared to low-loaded cathodes at BOT further clarifies that the rf is
indeed a major influencing factor on the O2 mass transport. How-
ever, a disentanglement of R PI

O2
into a fraction caused by the AST and

another contribution, originating solely from the rf of the cathode,
cannot be drawn unambiguously with respect to the accuracy of the
measurement.

Voltage loss analysis of aged cathodes.—Using the total oxygen
mass transport resistance at BOT and EOT (Figure 11), the corre-
sponding air polarization curves were corrected for all voltage loss
contributions that are currently accessible by in situ measurement
techniques, according to a preceding publication11 and are shown in
Figure 13. In short, corrections of the potential include the HFR, the
effective cathode proton conduction resistance, and the total oxygen
mass transport resistance, while the current density was corrected

Figure 12. Pressure independent oxygen mass transport resistance, R PI
O2
, as

a function of the electrode’s roughness factor, rf, for high-loaded (blue) and
low-loaded (orange) MEAs at BOT and the respective aging intervals. If the
EOT transport resistance could not be separated into pressure dependent and
independent contributions (see open bars in Figure 11), the total transport
resistance at 170 kPaabs is given in this figure.

for H2 crossover, electrical short current and was normalized to the
cathode’s ECSA.
For BOT, all H2/air polarization curves coincide with a Tafel slope

of≈73mV/dec for high-loaded and≈80mV/dec for low-loaded cata-
lyst layers. We attribute the higher Tafel slope in air compared to pure
O2 to unaccounted mass transport limitations, which increase as the
O2 concentration decreases. Upon aging, a strong deviation from the
theoretical 70 mV/dec slope is observed at high current density, sim-
ilar to the limitations observed in pure O2 (deviations from a straight
Ecorrected vs log(i) line at EOT occur at≈30 mA/cm2Pt for all aged cath-
odes, except for the low-loaded cathode subjected to SW cycling).
However, the deviation from a straight Ecorrected vs log(i) line at EOT
occurs earlier in air, viz., at ≈10 mA/cm2Pt (again, with the exception
of the low-loaded cathode subjected to SW cycling, which deviates
much earlier), which one would expect in case of significant oxy-
gen transport resistances. The here observed deviation was also seen
by other research groups at specific current densities ranging from
5–50 mA/cm2Pt in fully corrected air polarization curves with aged
MEAs or at very low cathode rf values, commonly attributed to a local
oxygen diffusion resistance.9,10,12 Although a correction for the mass
transport was applied to these measurements, it seems that the devia-
tion at high Pt specific current density is not accounted for by the trans-
port resistance determined by the limiting current method. Indeed, the
conditions of the MEA during the limiting current measurement (lo-
cal MEA temperature and RH due to a high heat production rate at
<0.3 V) are not identical to the operating conditions during the polar-
ization curve (lower heat production rate at voltages of ≈0.6–0.5 V)
where the corrections are applied, which certainly introduces an error.
Furthermore, due to changes in temperature or local RH, the utiliza-
tion of the Pt surface area may change, increasing the oxygen flux to
the remaining Pt surface or altering the ORR kinetics.59,67 While we
cannot prove one or the other hypothesis, we consider the limitations
of the oxygen mass transport determination method to be a proba-
ble cause of at least part of the observed deviations at high current
density. However, whatever the origin of these unaccounted trans-
port resistances may be, they clearly scale with the specific current
density.
After full correction of the recorded H2/air polarization curves

for all known voltage loss contributions (namely the HFR, the effec-
tive cathode proton conduction resistance, and the total oxygen mass
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Figure 13. Transport-corrected differential flow H2/air polarization curves
at 80◦C, 100% RH, and 170 kPaabs at BOT (full symbols) and EOT (open
symbols) for high-loaded (blue) and low-loaded (orange) MEAs. The potential
is corrected for the HFR, effective cathode proton conduction resistance, and
the total oxygen mass transport resistance, while the current is corrected for
the H2 crossover and ohmic shorting currents, and is normalized to the cathode
ECSA. The two slanted lines indicate the specific current density region for
high-loaded (blue) and low-loaded (orange) MEAs at BOT. BOT polarization
curves of all testedMEAs were averaged and error bars symbolize the standard
deviation over allMEAs. Error bars for EOTcurves represent themean absolute
deviation between two measurements.

transport resistance), the H2/air polarization curves can be compared
to the theoretical, kinetically limited polarization curve, constructed
from the experimentally determined ORR mass activities (see Figure
8a) and assuming simple Tafel kinetics with an intrinsic Tafel slope of
70 mV/decade. The remaining unaccounted voltage losses are shown
in Figure 14a for high-loaded and in Figure 14b for low-loaded catalyst
layers at BOT (solid lines) and EOT for all aging protocols.
An analysis of Figure 14a reveals an almost quantitative account

of all voltage losses for high-loaded MEAs at BOT (blue solid line),
with only minor unaccounted losses at 2 A/cm2 (15 ± 11 mV). Upon
catalyst layer aging over 30000 TW cycles (open blue circles), the
unaccounted voltage losses at higher current density (>1 A/cm2) in-
crease, pointing to the fact that not all voltage losses can be assessed
by the current in situ diagnostic measurements. This discrepancy is
even more pronounced for the MEAs exposed to SW and TW-H ag-
ing, where unaccounted voltage losses on the order of 250 mV were
observed at 2 A/cm2. In accordance with the previously described evo-
lution of the ECSA, the ORR mass activity, and the total oxygen mass
transport resistance, both aging protocols (SW and TW-H) lead to
identical unaccounted losses. In contrast, the corrosion of the carbon
support (CP aging) does not lead to a significant increase of the unac-
counted losses (e.g., 41± 12 mV at 2 A/cm2) and therefore cannot ex-
plain the high, unaccounted voltage losses for SW and TW-H cycling.
The unaccounted voltage losses for low-loaded MEAs (Figure

14b) at BOT are slightly higher compared to high-loaded MEAs,
and are in reasonably good agreement with our previous voltage-
loss analysis with the same catalyst.11 After aging by the TW or SW
procedure, rather dramatic unaccounted voltage losses are already
observed at low geometric current densities and become increasingly
larger with current density. Considering the SWand TW-H aged, high-
loaded catalyst layers, the significant unaccounted voltage losses of all
these measurements suggest that the quantitative evaluation of volt-
age loss contributions is impaired when using cathodes with low rf
values, i.e. at a high Pt specific current density. This hypothesis is
further validated by the TW-LUPL voltage cycling test applied to the
0.1 mgPt/cm2 cathodes: even after 30000 potential cycles, the unac-

Figure 14. Unaccounted voltage losses between a theoretical, kinetically lim-
ited H2/air polarization curve calculated from the measured ORRmass activity
(assuming simple Tafel kinetics with an intrinsic Tafel slope of 70 mV/dec)
and polarization curves recorded in H2/air (differential flow, 170 kPaabs, 80◦C,
and 100% RH), where the potential is corrected for the HFR, effective cathode
proton conduction resistance, and the total oxygen mass transport resistance
for a) high-loaded and b) low-loaded cathode catalyst layers at BOT (full
symbols) and EOT (open symbols).

counted voltage losses were substantially less compared to all other
aging protocols, being as little as 24 ± 1 mV at 2 A/cm2 at EOT,
where the roughness factor is 42 ± 2 cm2Pt/cm

2. A very intriguing
observation is that this roughness factor is only ≈2–fold larger than
the EOT roughness factor of the high-loaded cathodes subjected to
SW cycling (29 ± 1 cm2Pt/cm2), while the unaccounted voltage losses
of the latter are >250 mV at 2 A/cm2. Quite clearly, the currently
available in situ diagnostics do not capture the critical voltage loss
phenomena which must be related to the morphological changes with
regards to Pt particle size and location within the electrode.

Conclusions

To better understand the influence of voltage cycling based ASTs
on the development of mass transport resistances and on the extent
to which they can be captured by currently available in situ diagnos-
tics (ORR kinetics in H2/O2, cathode proton conduction resistance
by impedance, oxygen transport resistance via limiting current mea-
surements), we conducted a comprehensive voltage loss analysis on
MEAs with high- and low-loaded cathodes (0.4 and 0.1 mgPt/cm2)
over the course of ASTs based on different voltage cycling protocols.
These include triangular wave (TW) and square wave (SW) cycles be-
tween 0.6 and 1.0 VRHE, TW cycles between 0.6 and a lowered upper
potential limit of 0.85 VRHE (TW–LUPL), as well as a combination
of a triangular sweeps between 0.6 and 1.0 VRHE, with potential hold
periods at the upper and lower potential (TW–H), all conducted in
H2/N2 (anode/cathode) at ambient pressure, 80◦C, and 100% RH.
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A comparison of the ECSA and the O2 mass transport resistance
evolution of MEAs aged by SW cycles leads to considerably faster
degradation compared to TW cycles. To identify whether the fast po-
tential transients or the potential hold phase is responsible for the
faster degradation rates during SW aging, an additional procedure,
consisting of a triangular potential scan followed by potential hold
phase (TW-H) was tested. A comparison of the evolution of the cath-
ode’s ECSA, mass activity, and mass transport resistance revealed that
the potential hold rather than the rate of the potential transient is the
main contributor to cathode aging in voltage cycling ASTs, so that SW
and TW–H cycling profiles lead to identical aging rates with respect
to the number of cycles.
For all ASTs, the magnitude of assignable and unassigned O2 mass

transport resistances scaled predominantlywith the cathode roughness
factor, increasing with decreasing roughness factor, whereby the pres-
sure dependent O2 transport resistance remained essentially constant.
At the same time, ex situ cathode thickness measurements indicated
the absence of cathode thinning and thus of significant carbon support
corrosion. These results were further compared to an aging proce-
dure which consisted of a constant potential hold at 1.2 Vcell for 8 h
(at 95◦C and 100% RH), leading to significant carbon corrosion and
concomitant cathode thinning, while maintaining a reasonably high
cathode roughness factor. This analysis showed that the impact of car-
bon corrosion on the O2 mass transport resistance is minor compared
to its increase with decreasing roughness factor.
While 30000 TW or SW cycles between 0.6 and 1.0 VRHE dramat-

ically decrease the H2/air performance of low-loaded MEAs, it shows
negligible degradation over 30000 cycles when a lowered upper po-
tential limit of 0.85 VRHE is applied (TW–LUPL). This provides a
guideline to limit cathode degradation under automotive conditions,
namely by eliminating high potential periods (e.g., OCV).
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4 Conclusion

The motivation of this thesis was to elucidate the influence of catalyst and catalyst layer
properties on the performance of proton exchange membrane fuel cells (PEMFC), especially
in the high current density region. Additionally, the degradation mechanisms of catalyst
layers were investigated with a here refined accelerated stress test in order to deduce
optimized operating conditions for increased lifetime.

Firstly, the influence of the ionomer distribution in the catalyst layer was investigated.
We could show by electrochemical techniques that the ionomer distribution in the catalyst
layer is inhomogeneous for a standard platinum catalyst on Vulcan carbon. This inhomo-
geneity results in significant unaccounted voltage losses after correction of transport (O2

and H+) and ionic/electric resistances (HFR). By a surface modification of the Vulcan car-
bon with -NHx groups, a strong coulomb interaction between the ionomer’s side chain and
the positively charged -NHx group is expected. Our analysis suggests that this facilitates
a more homogeneous ionomer distribution during catalyst layer fabrication. Altering the
ionomer to carbon ratio (I/C) leads to an optimized performance at I/C=0.4, where the
perfect balance between sufficient proton transport and a thin ionomer layer with low O2

transport resistance is obtained. Figure 4.1 a graphically summarized the results of this
investigation.

In a subsequent study, the influence of the Pt particle distribution on a high surface
area carbon support (Ketjenblack) was investigated. As this type of carbon possesses a
large fraction of internal porosity, the Pt particles can either be deposited on the outside
of the carbon or within the micropores of the primary carbon particles. By choosing the
appropriate synthesis method (incipient wetness or polyol reduction), the Pt deposition
was controlled preferentially to the inside or outside of the pores. When Pt particles are
deposited on the outer surface, the fuel cell performance at high current density was found
to be superior due to shorter paths for oxygen diffusion towards the catalyst, hence lower
O2 transport resistance. Pt inside the pores shows a ≈2-fold higher mass activity due to
the absence of ionomer poisoning, but performs inferior at high current density as a large
transport resistance is imposed by the O2 diffusion into the pore. Similar electrochemical
observations (high mass activity – low performance at high current, and vice versa) have
been made by other researchers for different carbon support types. With our study we
could prove that not primarily the type of carbon support but the location of platinum
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Figure 4.1: a) Graphical summary of catalyst optimization by surface modification of Vulcan
carbon (black) with -NHx groups (dotted pink line) and the influence of ionomer to carbon ratio
(I/C) on MEA performance. b) Graphical representation of the influence of synthesis method on
Pt particle distribution on high surface area Ketjenblack and the resulting high current density
performance.

particles on its surface is the governing factor.

Finally, the degradation mechanism of catalyst layers upon accelerated stress tests with
different voltage profiles was investigated. The emphasis of this study was put on mass
transport related phenomena and the evaluation of voltage loss contributions. We could
show that carbon corrosion and the concomitant catalyst layer thinning was absent for
potential cycles with an upper potential limit of 1.0 V (or below); the increase in oxygen
mass transport resistance was solely due to the decreased ECSA. By analyzing different
voltage profiles, it became clear that the potential transient (sweep or step) has insignificant
influence on MEA deterioration, while the hold time at high potentials is the main cause
for voltage cycling induced degradation. Presumably, a long hold time enables dissolved
Pt species to diffuse in the electrolyte phase and thereby accelerate Pt surface area loss.
Additionally, we could show that lowering the upper potential limit during voltage cycling
to 0.85 V, the H2/air fuel cell performance does not degrade over the 30000 cycles of the
AST. This provides a guideline to extend PEMFC lifetime under operating conditions by
avoiding high potential excursions, e.g., OCV periods.

In short, our work has contributed in several ways to current problems within the fuel
cell research community. The carbon support modification has shown that the same cata-
lyst activity determined ex situ, e.g., by RDE experiments, does not necessarily translate
to the same fuel cell performance. In case of a better ionomer distribution, the MEA
performance is significantly increased for the same catalyst. This stresses the necessity of
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early MEA studies to determine if catalyst surface properties are suitable for catalyst layer
fabrication.

The study on Pt location within the carbon support has disproven a hypothesis which
prevailed for a long time in the fuel cell research community, namely the influence of carbon
support on MEA performance. With our study we could show that not the type of carbon
support but the location of Pt particles on the support is the main factor influencing MEA
performance.

With our study on MEA degradation, we identified detrimental operating conditions
and proposed a mitigation strategy. Additionally, we could support the current understan-
ding of oxygen transport resistance with respect to catalyst surface area. Overall, these
results could represent ways for fuel cell manufacturers to increase MEA performance by
optimizing the catalyst morphology and ionomer distribution and to extend system life-
time by carefully controlling operating conditions, thus underlining the importance of our
research.
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