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Polymer electrolyte fuel cells (PEFCs) are a promising replacement for the
fossil fuel-dependent automotive and energy sectors. They have become
increasingly commercialized in the last decade; however, significant
limitations on durability and performance limit their commercial uptake.
Catalyst layer (CL) design is commonly reported to impact device power
density and durability; although, a consensus is rarely reached due to
differences in testing conditions, experimental design, and types of data
reported. This is further exacerbated by aspects of CL design such as catalyst
support, proton conduction, catalyst, fabrication, and morphology, being
significantly interdependent; hence, a wider appreciation is required in order
to optimize performance, improve durability, and reduce costs. Here, the
cutting-edge research within the field of PEFCs is reviewed, investigating the
effect of different manufacturing techniques, electrolyte distribution, support
materials, surface chemistries, and total porosity on power density and
durability. These are critically appraised from an applied perspective to inform

world governments have agreed to reduce
their reliance on traditional fossil fuels;>*
current estimates suggest only 28%
of global electricity generation is from
renewable sources. To meet this energy
demand without compromising on supply
sources, it is imperative and time-urgent
to increase uptake of renewable and low-
carbon energy generation technologies.
Fuel cells can play a substantial role, both
as energy storage and generation systems,
which are in growing demand.P! Their
high-energy densities make them suit-
able for a large range of sectors, such as
transport, where they can work in concert
with other electrochemical power sources
such as batteries and supercapacitors.
Achieving high-performance and cost-
effective fuel cells can therefore provide a

the most relevant and promising pathways to make and test commercially
viable cells. This holistic view of the competing aspects of CL design and
preparation will facilitate the development of optimized CLs, especially the

incorporation of novel catalyst support materials.

1. Background

1.1. Fuel Cell Basics

Global energy demands are expected to increase by up to 90%
from current levels by 2040.2 Within the same time scale,
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major avenue in establishing a low carbon
and sustainable future for the planet.

Fuel cells are electrochemical energy
devices in which a reactant is oxidized to
generate electrical power and water.[¥ This
process is facilitated by the transport of
ions (protons, hydroxides or oxides) through an electrolyte from
one electrode to the other. Fuel cells are categorized by their
electrolyte, such as polymer electrolyte fuel cell (PEFC),” phos-
phoric acid fuel cell (PAFC),®? alkaline anion exchange mem-
brane (AAEM),!% and molten carbonate fuel cell (MCFC),[M!
among others.’2l The nature of the membrane used in a fuel
cell is, in turn, dependent on the constraints of the operating
temperature, the desired application and the fuel. While the
basic working principles of all fuel cells are similar, a variety
of different reagents have been shown to be effective as the
fuel; this includes methanol,> urea,>'% as well as hydrocar-
bons and waste gases. The most commonly used is hydrogen,
this is partly due to water being the sole product, making it a
zero-carbon technology at point-of-use. The overall chemical
reaction can be considered to be a combustion reaction with
reagents reacting with oxygen to form standard combustion
products. However, the reactants do not directly contact as the
overall reaction is split between two half-cell reactions, with the
oxidation reaction occurring on the anode and reduction on the
cathode, as shown in the equations below. The movement of
ions between electrodes is critical to drive the reaction and is
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one of the limiting aspects of the reaction and fuel cell output.
The subsequent migration of electrons from the redox reaction
to an external circuit generates a current. This direct conver-
sion of reactants into electricity results in the promisingly high
theoretical energy efficiency of fuel cells.['”

Acid PEFC:
Cathode reaction O, +4e” +4H" — 2H,0 (1)
Anode reaction H, — 2H" +2e” (2)
Overall cell reaction 2H, +0, — 2H,0 (3)

Alkaline PEFC (or AAEMFC):

Cathode reaction O, +4e” +2H,0 — 40H" 4
Anode reaction H,+20H™ — 2H,0+2e” (5)
Overall cell reaction 2H, + 0O, — 2H,0 (6)

Direct methanol fuel cells (DMFC):

Cathode reaction 30, +12H* +12e” — 6H,0 (7)
Anode reaction CH;0H+H,0 — 6H" +6e” +CO, (8)
Overall cell reaction 2CH;0H +30, — 4H,0+2CO, 9)

PEFC are among the most widely used and investigated fuel
cells.2% This is due to their relatively low operating temperature
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(60-180 °C), simple reagents, compact systems, and the com-
mercial availability of components. PEFCs are constructed from
an assembly of different layers with large variation in thickness
and functions, as shown in Figure 1. Sandwiched between the
cathode and anode catalyst layers (CLs) is the central part of any
individual PEFC, the solid electrolyte membrane. CLs are formed
from an amalgam of electrically conductive support, catalyst
particles, and a proton conducting (for acidic FC) ionic polymer
(ionomer). The microporous layer (MPL) is next in contact with
the CL; it is a mix of carbon nanospheres and PTFE designed to
maximize gas transport and electrical conductivity while expel-
ling water generated in the CL. This layer is coated onto the gas
diffusion layer (GDL), which is a weave of highly porous carbon
fibers, designed to facilitate gas transport, and maintain elec-
trical conductivity."®!% The combination of CL, MPL, and GDL is
called a gas diffusion electrode (GDE). When the membrane and
both GDEs are combined into one unit, they form a membrane
electrode assembly (MEA) and this is the active part of the fuel
cell. To operate a fuel cell system the MEA is placed into a cell
assembly, a flow field is used to distribute the reactant gases and
conducts electricity to the current collectors where the electrical
current generated in the MEA feeds the external current. Finally,
a pair of end plates on each side of the MEA are bolted together
to provide pressure to the assembly and hold the system in place.

PEFCs use a solid electrolyte membrane to transfer protons
or hydroxyl ions between electrodes.”l Acidic PEFCs transfer
a proton across the membrane, while alkaline PEFCs transfer
a hydroxyl ion; each require differing chemistries for effective
functionality, with commercially available acidic PEFC mem-
branes being cheaper and more durable.?!) The membrane also
acts as an electrically insulating and gas blocking barrier layer
between the electrodes, avoiding electrical short circuits and

Catalyst layer Current collector
(Cathode) ;‘4"’ GbL NG

Cathode inlet

Cathode outlet
(water and excess oxygen)

Figure 1. Schematic of an acid PEFC showing the different layers, their compositions, and reactant transport pathways. Black structures indicate carbon
support, purple the ionomer, red the PTFE, and green the catalysts. The relative sizes and distances are not to scale and the catalyst layer, MPL, and

GDL possess significantly different porosities and support material size.
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damaging direct gas reactions. PEFCs can be separated into two
different groups, low-temperature PEFCs (LT-PEFCs) and high-
temperature PEFCs (HT-PEFCs).B2-23 Operating tempera-
ture has a significant impact on performance as reaction rates
increase with temperature and water management becomes a
less significant issue.?2 IT-PEFCs typically operate between
60-80 °C and use perfluorosulfonic acid (PFSA) ionomers,
such as Nafion, as the membrane and ionomer.222 However,
the majority of world leading PEFC membranes require high
humidities and thus constant hydration of the input gases in
order to provide high proton conductivity. Although water is a
product of the redox reaction, excessive water can reduce perfor-
mance.222 This results in a IT-PEFC requiring constant water
management and complication of the fuel cell stack design. HT-
PEFCs typically operate between 120-180 °C.52-23] Although
Nafion composites have been shown to perform at the lower
end of this range, PFSA membranes are generally not stable at
these high temperatures so alternative membrane and ionomer
chemistries are required. The most widely studied type of mem-
brane for HT-PEFCs is polybenzimidazole (PBI) polymer doped
with phosphoric acid.?"?3] While showing less dependence on
membrane humidification, PBI-based membranes have issues
with stability owing to the formation of water on the cathode
and acid leaching.?'?2l Although there many similarities in the
CL design between LT- and HT-PEFCs, this review will focus
on acidic LT-PEFCs as they are more widely used commercially
due to the more mature membrane technology. Although, some
of the CL discussion within this review can be applied to the
design, or aid in the understanding of, CLs for other fuel cell
variants.?% For further information on PFSA membranes we
suggest the review by Kusoglu and Weber.4

1.2. The Commercial Landscape for PEFCs

The potential to generate hydrogen gas using renewable energy
via water electrolysis has resulted in significant interest for
PEFCs in many energy conversion applications, particularly rel-
evant to sectors with increasing greenhouse gas regulation.?!
Stationary applications, such as residential combined heat and
power (CHP), industrial backup power, and automotive applica-
tions are generally considered to be best suited to PEFCs where
the stability and high power density has already been utilized
commercially.?% Fuel cells will likely play an essential role in
the future of renewable energy, as part of a hydrogen energy
storage system (HESS), in which excess electrical energy can
be converted to hydrogen gas, stored in a range of scales from
tanks to natural caverns, and then used to generate power in
a fuel cell when required.?-281 This would require sufficiently
large renewable hydrogen generation capacity from either
efficient electrolyser banks coupled with renewable energy or
biomass to supply highly efficient fuel cells.’”) This basis for
a closed green hydrogen economy system is understood to be a
stable, renewable and efficient energy generation and consump-
tion system,>?% a necessity for the global energy landscape.
The use of fuel cells for transport applications has seen
the largest growth in the last 5 years.?”) PEFCs are currently
commercialized in vehicles including the Toyota Mirai, the
Hyundai Tucson, and Honda Clarity.’*32 However, market
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penetration is limited, in part due to the relatively high cost
when compared to fossil fuel-based cars. This is due, to some
degree, to the use of platinum (Pt)-based catalysts that represent
a large source of the vehicle cost.}334 However, due to maturing
of automotive fuel cell technologies, the costs are expected
to decrease from current prices, with a proportional market
uptake anticipated.*® The next iteration of the Toyota Mirai is
expected to use 66% less Pt than the current generation (down
to 10 g)B% and if the use of Pt decreases even further, then it
would approach the quantity of Pt in typical catalytic converters
(2—4 g).13%! Although these technologies will increase demand for
Pt metal, the total cost of the catalyst in a fuel cell vehicle is not
predicted to increase due to a continued reduction in Pt loading
from typically 0.4 mgp, cm~ to 0.125 mgp, cm~2, alongside other
technical innovations.?>3% Manufacturers expect the high cost
of fuel cell vehicles and other fuel cell systems to decrease once
the technology becomes more widespread, partly due to econo-
mies of scale for the non-catalyst components.*”38l However, the
public uptake of the technology is currently limited by the cost,
lack of infrastructure, and safety concerns.’*! Governments
and companies across the world are aware of these issues and
have set policies and investments to help facilitate the growth of
the hydrogen industry.3** Recently, a publication from Toyota
R&D labs detailed some of the central issues facing further
PEFC commercialization and highlighted the need for further
technological breakthroughs.?l This direct feedback from com-
panies and organizations about the direction that fuel cell tech-
nologies need to take is very useful in directing research efforts.

In typical fuel cell systems, the most expensive part is the
fuel cell stack, owing to the large amounts of (typically) Pt cata-
lyst in the CL. Thus, there is a commercial need to engineer
low- and no-Pt-containing electrodes to drive down stack cost.
As a result of this need, there has been a significant amount
of research undertaken into catalysts, and the performance of
laboratory-based nanostructured Pt and Pt alloy catalysts have
improved significantly in the last decade, which has partly led
to the reduced loading of Pt.*** In addition, research into
non-Pt group metal catalysts has expanded significantly and
resulted in some promising materials.>*! However, non-
platinum group metal (non-PGM) materials are less mature
than Pt catalysts and suffer from durability and performance
issues.*}] Given the costs and performance difference between
the Pt and non-PGM catalysts, it is likely that they will both be
commercially utilized in the future, but for different applica-
tions. Pt could achieve wider use in high-performance applica-
tions such as in the automotive sector, while non-PGM mate-
rials would be more suited to stationary applications such as
CHP, and backup power. Due to the large number of reviews
on novel catalysts and their development they are considered
beyond the scope of this review.[*3# %]

1.3. PEFC Structure—Performance Relationship

It is within the CL that the electrochemical reaction occurs.
Given its significant role in fuel cell performance, as well as
the clear potential for improvements, the CL has received a
significant amount of research focus. This review will focus on
CL engineering and the structure-performance relationships
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unique to low-temperature acidic fuel cell electrodes. The devel-
opment of novel fuel cell materials, particularly nanomaterials,
will be also reviewed in regards to their reported impact on CL
design and performance.

Standard CL design is based on highly dispersed Pt catalyst
nanoparticles (NPs) deposited onto support materials at both
the anode and the cathode. The support materials are gener-
ally spherical, high surface area carbon aggregates, known as
carbon black (CB). The reactants must be transported through
the CL onto the surface of the catalyst to be utilized. This trans-
port of reactants is broadly defined as the mass transport, the
pathways of which are shown for each species in Figure 2c.
The reactant gases are transported through the empty voids
between the support particles, which are dependent on the
pore size distribution (PSD), determined by the size, distribu-
tion, and volume of the voids. The pores form as a result of the
assembly of the support particles and the ionomer, which can
significantly impact CL performance, as shown in Figure 2d.
The electrons are transported to the CL via electrical contact
between support particles, while the protons are typically
transported via the PFSA ionomer or localized liquid water,
produced by high humidity operating conditions or as the
byproduct of the ORR reaction.’*-52 The combination of these
three reactants at what is known as the triple phase boundary
(TPB) is required for the reaction to occur, as shown in
Figure 2b. If a catalyst particle is not connected to any one of
these three then the catalyst will not be utilized in the reaction.

www.advenergymat.de

It is therefore key when fabricating and designing CLs to
maximize utilization of the catalyst, achieved via the optimi-
zation of three reactant transport pathways. However, these
pathways have significant impacts on each other, too much
ionomer in the system will lead to greater proton transport
at the cost of electrical contact between the support particles
and increased resistance to gas transport across the CL.>3-%]
High water content in the CL can improve proton conduc-
tion and catalyst utilization but can significantly reduce mass
transport of reactant gases referred to as flooding (as shown
in Figure 2c “Flooded Catalyst Layer”).’%5%>1 Furthermore,
the ionomer network typically forms a layer on top of the sup-
port/catalyst particles, a homogenous distribution of ionomer
is desired although it is difficult to control during fabrica-
tion (Figure 2a). This heterogeneity can lead to areas with no
ionomer, which results in catalyst particles not being utilized,
or areas of excess ionomer which has a negative effect on gas
transport. Catalyst poisoning by direct adsorption of ionomer
sulfonate functional groups has been reported to reduce the
available catalyst surface area, significantly reducing the mass
activity.[00-6%]

Developing new supports with high electrical conductivity,
durability, and scalability, as well as highly active catalysts, has
been a major avenue of research. The interaction between the
catalysts and the support has been shown to significantly affect
the performance and durability of fuel cells.**773] It has also
been reported that support durability and CL performance can
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Figure 2. Schematic of the cathode catalyst layer morphology, reactant transport pathways, structure, and the factors that impact its performance.
a) The ionomer coating over the carbon support and catalyst structure can be heterogeneous with areas of thin or thick coatings. The surface chemistry
of the support impacts the surface-ionomer interactions changing the structure of the ionomer around the catalyst particles and the quantity of local-
ized water. b) The mass transport of the reactants to the catalyst particles occurs via different routes, under flooding conditions more pathways are
introduced for the proton conduction. Alterative reactant pathways are associated with different degrees of transport resistance as indicated by the
relative size of the arrows, with the smallest being the most resistive. c) The cathode CL morphology has a significant impact on the mass transport
pathways, with flooding allowing utilization of catalyst not connected to the ionomer network, although this increases reactant transport resistance.
Limitations on catalyst utilization and performance can be induced by poor transport of any reactants across the CL or the absence of their transport
pathways. d) The support materials have defined pore structures, both internally and as a consequence of assembly. Pores and porosity are discussed
in more detail in Section 4.2.
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significantly depend on the chemical composition of the support,
as well as the degree and nature of its functionalization./*70l
The support material does not just impact electrical conductivity
and carbon corrosion, but also reactant mass transport and
ionomer distribution, necessitating understanding of structure—
performance relationships in the CL.*>7°81 The morphology of
the CL is usually defined by the structure of the support mate-
rial and the manufacturing method, both of which play a role
in shaping the morphology and therefore performance of the
CL.B34 The mass transport of gases, particularly at high cur-
rent regimes, is one of the limiting factors of performance and
thus the CL morphology can have a huge impact on fuel cell
performance. It should also be noted that performance gains
from electrode structure innovations should be applicable to a
wide range of Pt and non-PGM based catalysts.

It is clear that there are multiple challenges to advancing
fuel cell technology and commercial uptake. Significant pro-
gress is being made by researchers in reducing catalyst loading,
improving catalyst performance, and developing new materials.
However, other factors that limit performance such as high
mass transport resistances, low Pt utilization, and poor dura-
bility are all a consequence of CL composition and structure.
These issues are a complex intertwined mix of bulk and sur-
face chemistries, and multi-length scale structural issues that
involve the interplay of catalysts, support, ionomer, and reactant
transport in a porous media. The development of new catalyst
and support materials is only part of the route to advance PEFC
technologies. Without a simultaneous improvement in the
understanding of CL structure—performance relationships, fuel
cells will not reach a required level of technological maturity to
achieve widespread commercialization. To make advancements
in the performance of PEFCs, a combination of clear mecha-
nistic understanding, focused characterization tools, and the
ability to engineer structure across different length scales is
required.

This review begins with an overview of CL performance
characterization, focusing on how performance is determined
in MEAs, and how operating conditions affect these (Section 2).
Proton conduction is one of the key limitations of the CL, and
is discussed in Section 3, detailing the mechanisms, structure
and formation of the ionomer, and how this impacts perfor-
mance. Section 4 considers and explains the support and
morphology-based factors that impact the performance of the
MEA, such as the implications of CL porosity, thickness, and
novel CL design on performance. Finally, Section 5 covers the
impact of fabrication and cell assembly on CL morphology
and MEA performance, respectively. This review is intended
as both an encompassing guide to those new to PEFCs and a
thorough review of the many structure-performance relation-
ships that are at play in CLs, intended to be understood by, and
informative to, all.

2. Catalyst Layer Performance Characterization

2.1. Introduction

In order to build, operate, and develop commercial PEFC sys-
tems, it is necessary to develop a deep understanding of how
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different environmental factors affect the standard perfor-
mance testing techniques. However, characterizing PEFCs is
never trivial, for example, degradation heterogeneity is highly
dependent on operating conditions and MEA size. This section
details the manner in which PEFC performance is character-
ized and the limitations to these techniques. Furthermore, the
impact of operating conditions such as gas flow, pressure, tem-
perature, and humidity are discussed.

Testing methods are typically separated into two categories:
ex situ or in situ. Ex situ methods occur in testing environments
that do not, or only partly, resemble that of a fully operational
PEFC system, such as a half-cell. Conversely, when the testing
environment is representative of a complete PEFC, the method
is known as in situ. In situ testing inevitably has additional
layers of complexity (water management or mass transport
limitations) compared to ex situ methods. Due to physical
differences in the manners in which in situ and ex situ testing
are carried out, the results are often reported differently. Ex situ
testing will often present linear sweep voltammetry (LSV) and
cyclic voltammetry (CV), while in situ testing will report polari-
zation curves, CVs, hydrogen crossover, and electrochemical
impedance spectroscopy (EIS) among others.

Various ex situ techniques are available to assess catalytic
activity. These include the floating electrode technique (FET),!®%!
Gaskatel's “FlexCell”, the rotating disk electrode (RDE) and
the rotating ring disk electrode (RRDE).B%#8 The most com-
monly deployed is the RDE, which is a classic hydrodynamic
electroanalytical technique® used to study the kinetics of
interfacial processes. In this approach, the two integral PEFC
half-cells can be investigated independently of each other. The
half-cell approach allows for rapid and cost-effective investiga-
tion into catalyst activity, durability, and performance, often
free from competing factors such as ionomer interaction and
gas transport. Furthermore, RDE measurements only require
a nominal amount of catalyst material, making it the ideal tool
for preliminary screening of new materials. Hence, significant
research has been devoted to understanding novel catalysts
and materials using these ex situ techniques. While the results
can be useful for understanding novel materials in idealized
circumstances, the ex situ data does not always reflect the in
situ reality due to the complex and non-ideal conditions within
full devices. It is essential to comprehend the origin of these
differences in the in/ex situ data.

In situ techniques are more representative of fully
operational PEFCs, as they utilize operating parameters and
constraints that are close to those in real devices. Additional
operational constraints range from controlled cell temperature,
humidity, gas flow rates, and gas pressure, all of which have
a range of impacts on different aspects of PEFC performance.
Understanding the mechanisms that drive the effects of oper-
ating conditions on performance allows for manipulation of the
conditions in order to optimize performance for a particular
system. The impact of the initial treatment before testing a cell
(often called conditioning) is particularly important for in situ
testing and has a large impact on the resulting performance
and durability of the PEFC. However, this is relatively unstand-
ardized. Accelerated stress tests (ASTs) are another tool that
are used to simulate long-term degradation of an operational
fuel cell in a timely manner. These studies typically follow set
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institutional testing regimes, and are highly informative about
the durability of the materials and catalyst used in a PEFC.

2.2. Ex Situ Electrochemical Techniques

RDEs consist of a three-electrode system with a working elec-
trode (WE), counter electrode, and reference electrode. The
WE is a conductive disk onto which the catalyst material under
study is deposited. The electrode is rotated at high speeds
about its vertical axis during experimentation (between 400
to 10 000 rpm)P ! to drive high analyte flux, laminar flow, and
ensure the WE is uniformly accessible.’! The FET seeks to fill
some of the middle ground between RDE and MEA testing and
results in data that is more representative of fuel cell operation
at high current densities.[®® In the FET, a porous gas diffusion
electrode is “floated” with the membrane in contact with the
aqueous electrolyte and the reactant gas supplied to the cata-
lyst active sites from behind the CL. This arrangement can test
thick electrodes in conditions similar to MEAs in a more facile
system.

Microelectrodes (MEs), an often overlooked ex situ electro-
chemical technique, utilizing electrodes which have diameters
on the micron scale. They function in a three-electrode setup
similar to that of an RDE, but due to their small size they have
been commonly used to investigate interfacial phenomena.l?-%4
In particular, they have been successfully utilized in kinetic and
mass transport studies of solid electrolyte membranes, which
are significantly more difficult to directly measure accurately
with in situ MEA tests. However, MEs do suffer from a number
of issues with their low currents being easily impacted by room
noise, sensitivity to contamination, and slow equilibrium times.
In addition, as they have not been as widely explored in the lit-
erature compared to RDE, the standardization between studies
is limited. A review and best practice article by Petrovick et al.*”!
has recently made efforts to mitigate these issues.

When using ex situ techniques, the two principal tests are
LSVs and CVs. These techniques were originally proposed in
the 1950s,! and many years of development and increased
knowledge of interpretation has made them invaluable tools for
quick and easy data acquisition and elucidation of information
on redox reactions. LSVs are the main performance measure-
ment, allowing for the “diffusion” and “kinetic” components to
be observed within a set voltage window.[””! The kinetic compo-
nent is focused around the onset potential of the reaction (the
overpotential that is required to drive the reaction). The onset
potential is defined as the open circuit voltage (OCV) in MEA
testing. It is a useful and easily accessible parameter for initial
catalyst evaluation.”*® The diffusion component is typically
given by the limiting current density at high overpotential,*!
and by comparing the Koutecky-Levich plot.[100:101

In an RDE experiment, hydrogen ion transport occurs via a
simple mechanism, as the acidic electrolyte solution is in direct
contact with the catalysts surface. Direct contact with a liquid
electrolyte achieves better proton availability to the catalyst than
the ionomer network utilised in MEAs. This reduced Pt utili-
zation is exacerbated by the thicker MEA electrodes. In some
cases, ionomer is used as part of the electrode for RDEs as a
binder; this has been reported to reduce RDE performance.l%?
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MEA CLs are typically formed with significantly more active
material in thicker layers, incurring higher transport resist-
ances. This is in contrast to RDE systems in which the liquid
electrolyte is saturated with reactant gases delivered to the cata-
lyst surface. In an MEA, the oxygen gas is delivered at a set gas
flow rate to the catalyst via the GDL and MPL, and the tortu-
osity of this pathway can increase mass transport resistances.
In addition, due to ionomer hydration requirements, inlet gases
have to be humidified. In summary, RDE experiments are not
restricted by a multitude of limitations common to MEA-based
tests as they do not have membranes, significant ionomer con-
tents, or bulk electrodes.

Perhaps one of the biggest issues with RDE systems is
that despite their prevalence in literature, there are no single
accepted protocols for testing, although attempts have been
made to implement them.['3 This has led to a lack of repro-
ducibility of results of even the same catalytic systems from
different research groups. In an attempt to rectify the situation,
a number of papers have suggested practices best adopted for
reproducibility and reliability. In particular, Garsany et al.['0410]
and Takahashi et al.l'%l have produced extensive papers focusing
on the ways to test via RDEs that ensure verifiable performance
and durability results. These cover everything from the best
way to produce smooth catalytic thin films,®% to the way glass-
ware should be appropriately cleaned to avoid contamination.

While the various half-cell measurements are useful for
screening materials, providing a relative measure against
standard commercial materials such as Pt on carbon (often
referred to as PtC) and identifying relevant kinetic and mecha-
nistic information, they are artificial systems that do not fully
represent practical technological electrode performance in an
operating fuel cell. Testing MEAs in a single cell fuel cell pro-
vides much more accurate and representative information on
how a CL will perform when it comes to catalytic activity, mass
transport properties, and durability. While a single-cell lacks the
additional engineering elements associated with parameters
ranging from stack thermal management and the compatibility
with other components, such as the bipolar plate (i.e., corro-
sion products and reactant flow implications), it provides the
most reliable measure of how a CL/MEA system will operate
in practice. As such, wherever possible, full cell data should be
presented alongside RDE results.

2.3. In Situ Electrochemical Measurements: Membrane
Electrode Assemblies

As mentioned, CVs are one of the most commonly used meas-
urement methods for understanding catalyst activity under
realistic operating conditions. CVs of Pt and Pt-based catalysts
in an acidic electrolyte show three distinct regions, as shown in
Figure 3: a region at low potentials due to hydrogen adsorption/
desorption, a region at high potential due to oxide formation
or reduction, and a double-layer capacitive region between the
hydrogen and oxide regions (Figure 3). The current contribution
shown in the peaks in the H, adsorption/desorption region are
directly proportional to the number of hydrogen molecules in
contact with any exposed and electrically connected Pt. Hence,
the number of active catalyst surface sites can be calculated
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Figure 3. Typical CV of Pt electrode showing regions of hydrogen adsorption and desorption, formation, reduction of Pt oxides and oxygen or hydrogen
evolution at either end. Reproduced under the terms of the Creative Commons Attribution 3.0 International (CC BY 3.0) license.'"”/l Copyright 2016,

IOP Publishing Ltd.

from the total charge required for monolayer adsorption or des-
orption. This results in a parameter defined as the surface area
of catalyst per gram of catalyst, often called the electrochemical
surface area (ECSA). However, the measured ECSA has shown
to be dependent on the nitrogen gas flow on the WE, with a gas
flow of 4 L min~! resulting in a 15% lower ECSA than the same
electrode tested at 0.063 L min .1%l It is recommended there-
fore, to measure ECSA with significantly reduced flow rates
(0.001 L min™! em2giecirode Area)- 1% The ECSA of a Pt catalyst
can be calculated!® via Equation (10) below.

Qu ) -
ECSAp o =| = | x10
Pt, Cat ( L (10)

Qu is the integrated charge density (LC cm %gecuoqe), T 1S
the specific charge required to oxidize/reduce a monolayer of
the adsorbed species (210 uC cm%p), and L is the Pt loading
of the electrode (gp; M %gjectrode) -1 ECSA is an important
quantitative metric as it indicates the surface area of cata-
lyst per gram of catalyst that it is accessible to reactants inde-
pendent of catalyst loading or electrode area. Since reactions
occur on the surface of the CL, having a higher surface area
increases the available catalyst and is key to improving perfor-
mance. ECSA is best described as a measure of catalyst usage.
Commercial PtC should typically achieve ECSA values of
60 m? g 1,."181 Values above this show superior utilization,
while values below show reduced access to active sites. ECSA
units are m? (of available Pt surface)/ g(of Pt), catalysts with
smaller average particle size typically have a higher surface
area to volume ratio, hence show a higher ECSA. In practice,
however, levels of Pt usage can vary for numerous other rea-
sons, such as catalyst particles becoming isolated and there-
fore not connected to the ionomer or conductive network,
poisoning of the catalyst surface, and changes in particle size
during operation, among many others. ECSA values are typi-
cally lower when measured in an MEA compared to RDE due
to inferior proton delivery system of the inhomogeneously
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distributed ionomer network.%®l The difference between the
ECSA, or mass activity, under MEA conditions as compared
to those from RDE measurements is sometimes reported as a
Pt utilization parameter, Efp..””""? This Efp, is the quotient of
the ECSA obtained under RDE conditions, which would be
expected to measure all available catalyst surface area, and the
ECSA measured under MEA conditions. Lower values of Efp,
indicate a significant loss of catalyst utilization when forming
an MEA, which is typically due to either ionomer poisoning or
isolated catalyst particles. In either case we would encourage
the reporting of the Efp, in future publications as is an easily
measurable and a useful parameter to observe changes
in the CL.

The observed ECSA of an MEA depends on the recent oper-
ating conditions, for example, flooded electrodes have been
reported to have 10-15% higher ECSA.[%8 The conductivity of
the ionomer network’s in the MEA improves upon water uptake
and due to the generation of water during operation, this water
also conduct protons to catalyst particles, some of which may
not be accessible to the ionomer network. Given this, a meas-
urement called dry proton accessibility, which measures the dif-
ference between ECSA at low and high humidity has been sug-
gested."3] Typically, this value is reported as a ratio of the ECSA
at 20% relative humidity (RH) and at 100% RH. The high RH
ECSA values should highlight all accessible Pt due to flooding,
while low RH ECSA values should, in theory, only record the
ECSA of catalyst particles in direct contact with the ionomer
network.[>113] While this measurement has been reported,
there only are a few studies directly showing its validity and
the protocol to ensure correct quantities of liquid water in each
of the different RH measurements.'®® If a robust analysis
and set of protocols could be established then this measure-
ment would be a simple, highly effective method in which to
record the ionomer distribution and catalyst accessibility of
any MEA.

The specific activity (SA) is a common method to report cata-
lyst activity, as it represents the intrinsic activity of the catalyst
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Figure 4. A comparison of ECSA, SA, and MA for the hydrogen evolu-
tion reaction for PtC, Pt nanowires, and single-atom nickel-modified
Pt nanowires. Adapted with permission.l®8 Copyright 2019, Springer
Nature.

surface. It is reported in @A cm~2,; hence, it is a measure of
current generated relative to the surface area of the catalyst
and is therefore independent of the total catalyst loading in
an electrode. The mass activity (MA) of a catalyst is a similar
measurement that is reported in units of HA mg~lc,, as such
it allows for easier comparison of different loaded electrodes.
These parameters are highly dependent on the electrode and
catalyst structure and should not be used as the only indica-
tors of performance; they must be reported in conjunction
with other parameters. For example, if solid catalyst particles
were replaced with a core—shell type catalyst on an MEA with
the same current density and ECSA, the SA of the new catalyst
would not change, while the MA would significantly improve.
Understanding what these parameters represent in any given
situation requires a broad understanding of the electrodes
and catalyst structure in question. There are numerous litera-
ture examples where this comparison is made, for example,
Li et al.® used these parameters to compare their synthesized
materials (single-atom nickel-modified Pt nanowires (SANi-
PtNWs) and pure-Pt nanowires) with commercial PtC. Figure 4
shows the variation in results of the three parameters and
hence the importance of investigating all three.

Of the various electrochemical techniques used to ana-
lyze the performance of a fuel cell, the polarization curve has
become the standard benchmark test. Typically, either the
peak power density or the current density at 0.3 V is used to
compare MEAs. The polarization curves are obtained by plot-
ting cell potential against current density and is convention-
ally separated into three regions (Figure 5).1" The OCV of the
polarization curve is the voltage at which no current density is
measured. It is the minimum overpotential required to drive an
ORR reaction and is, in the most part, defined by the catalyst
used. However, it is also dependant on other factors such as
reactant gas pressure, voltage loss from hydrogen crossover and
mixed potential from side reactions. Under standard operating
conditions, the OCV of a Pt based fuel cell should typically be
around 0.95-1 V,1>10] although it can be reduced significantly
by hydrogen cross over, particularly at very low Pt loadings.
The first section of the curve between 1 and 0.7 V is typically
described as the kinetic region, where the ORR overpotential
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Figure 5. Model polarization curve for a PEFC. Reproduced with permis-
sion. Copyright 2008, Elsevier.

results in activation polarization losses. The kinetic region is
mostly defined by the chemistry of the catalyst and the ECSA of
the MEA, as more available surface area will increase the kinetic
current. The central section of the polarization curve, nomi-
nally between 0.7 and 0.5 V, is typically referred to as the Ohmic
polarization region. Losses in this region are mainly due to
increased resistances due to increases in the current. The cur-
rent density achieved is highly dependent on the electrical and
proton conductivity of the CL as well as the contact between
the different layers of the fuel cell. The third major region is
the mass transport region, typically between 0.5 and 0.3 V, in
which losses are due to the inability of reactants to reach the
catalyst surface due to higher gas requirements at extreme cur-
rents, that is, mass transport limitations. In this situation, reac-
tant gases are consumed in the reactions at the catalytic surface
faster than they can diffuse to these active sites, either from the
gas flow or as protons across the membrane. The losses in this
region originate from proton and oxygen transport limitations,
which can occur as a result of tortuous gas pathways and lim-
ited proton-conducting infrastructure.

At all points of the polarization curve, there are multiple
interplaying factors that impact the current achieved at a
set voltage, including catalyst accessibility, proton and elec-
trical conductivity, reactant transport resistances, and H,
crossover. The subdivisions of the polarization curve into the
discrete units discussed above, and in literature widely, is an
oversimplification that allows some separation of individual
components of fuel cell performance. While this review will
continue to use these terms for clarity of communication, it
should be noted that the regions of the polarization curve are
artificial divides. In reality, a polarization curve is a continuum
and at every point there are influences from a multitude of dif-
ferent interacting factors.

Given the complex, hierarchical nature of MEAs, differ-
ences in materials or morphology will alter the shape of
the polarization curve. This is useful as changes in the dif-
ferent regions can inform limitations of one MEA compared
with another. For example, if a new material has lower cur-
rent in the kinetic region compared to commercial samples,
it would indicate a reduced catalyst utilization or turnover.
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Table 1. Conditioning strategies suggested in the literature.
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Protocol name Protocol steps

Total testing time (h) Operating conditions

80 °C, 100% RH, 172 kPa stoic: 1.2/2 (H,/air)

USFCC3] (1) CP: 0.6 V for Th. (2) Cycling CP: 0.7 and 0.5V, 19
20 min each, 9 times. (3) CC: 0.25 Acm™%for 12 h
CPi?7) 0.6V for 9 h

Three-step activationl*3?

(1) Cell temperature 70 °C, 64% RH. (2) Cell

9 75 °C, 100% RH, 172 kPa bP

No data provided Variable temperature and humidity. No bP

temperature 60 °C, 157% RH. (3) Repeat of step (1)

Low thermal and pressure stress® 0.6Vfor9h

9 55 °C, 34 kPa bP

Understanding why the polarization curve is changing com-
pared to a reference cell is key to rationalizing the structural
and chemical changes that occur in an MEA.

2.4. Impact of MEA Conditioning Procedures

Prior to fuel cell testing, a fresh MEA is subjected to an ini-
tial series of environmental conditions or electrochemical
tests. This is called conditioning and typically follows a set
of protocols to “activate” the MEA, thereby improving perfor-
mance when fully operational. Throughout the conditioning
process, the performance should gradually improve, due to
physical changes that occur in the MEA."718] These phys-
ical changes includes the expansion of the ionomer through
hydration, but other changes that occur during conditioning
are still not completely clear. Carrying out a conditioning
protocol prior to MEA operation is crucial for ensuring the
best performance of the MEA, though it should be noted that
continuing the activation beyond the optimized condition
could lead to the early onset of degradation mechanisms in
the MEA.

Numerous conditioning protocols have been investigated
and published, typically compared via final electrochemical
performance and the rate of degradation over the lifetime of
the MEA. Conditioning can be applied in two ways: through
off-line methods such as steaming or boiling the electrodes
prior to operation,*120 or on-line methods which employ
fuel cell operation to condition the MEA. A comprehen-
sive review by Yuan et al.l'?!l suggests three theories for the
improvement in activity post-conditioning: activation leads to
an improved catalyst surface, via processes such as stripping
impurities from the CL introduced in the manufacturing
processes; pathways are opened in the GDL for reactants to
travel through and hydration of the ionomer['?? contained
within the CL, facilitating better proton transport to the
active catalyst sites. They concluded that the most impor-
tant requirement for MEA activation is to develop adequate
hydration, which is linked to cell temperature, as dehydra-
tion can result in membrane degradation,’?*l while flooding
will result in reactant starvation that can strip the CL.[124123]
The review also summarized a range of activation methods,
including hydrogen pumping, temperature control, current
control, potential control, and combined potential and cur-
rent control. In hydrogen pumping, the cell has an external
power source applied and hydrogen is supplied into the cell
at the anode. The hydrogen is oxidized at the anode to form
protons, which are “pumped” through the membrane and

Adv. Energy Mater. 2021, 2101025 2101025 (9 of 82)

reduced at the cathode to form hydrogen. He et al.?%l found
this method effective in improving the activity of the catalyst
and the overall performance of the fuel cell. It was suggested
that this resulted in changes to the porosity and tortuosity
of the CL that occurred due to the evolution of hydrogen,
activating more catalyst sites by exposing them to ionomer.
Zhiami et al.'?”128] compared three different conditioning
strategies: constant potential hold (0.6 V for 9 h), constant cur-
rent (CC) hold (0.25 A cm™2 for 19 h), and the US Fuel Cell
Council (USFCC) protocol (listed in Table 1). For all strategies,
the largest performance enhancement occurred after 1-2 h
of operation. EIS analysis observed a reduction in Ohmic
resistance with conditioning time, related to improved ionomer
hydration. This has also been noted by Mason et al.[22 who
observed a direct relationship between ionomer conductivity
and MEA swelling during initial hydration. Zhiami et al.1#/:128]
also measured EIS at 0.7 V showed a reduction in charge
transfer, related to improved kinetics. The low-frequency arc
measured at 0.5 and 0.3 V also reduced in diameter, due to
improved mass transfer mechanisms. They went further to
suggest that constant potential (CP) strategies, followed by the
USFCC protocol, result in a better overall PEFC performance
than constant current, in a much shorter time. The study also
explored the effects of humidification on the activation process
at low RH (30%), the ionomer inside the CL was found to not
fully humidified. This was suggested to result in the shrinkage
of ionic clusters and limiting both the O, permeability and
proton transport to the catalyst/ionomer interface. This also
links to the greater water production rate by the CP and USPCC
protocol compared to CC. However, they did not suggest if
higher current operation would solve the dehydration issue.
Taghiabadi et al.'?% also investigated the long-term improved
effects of the CP activation process on the MEA through aging
cycles post-conditioning. CP conditioning at 0.6 V showed a
slower voltage decay of 4.4 uV cycle™ at 1 A cm™2, compared to
11.33 WV cycle™ for CC (0.25 A cm™?) activation. ECSA decline
as shown in Figure 6 was also more prominent for CC com-
pared to CP at 32% and 19%, respectively, linking to the per-
formance decline. Yuan et al.l'® investigated the effects of
temperature on the conditioning process. With full humidity of
the reactants, conditioning at 90 °C achieved higher currents
after a 6 h hold at 0.6 V than at lower temperatures, although
this could be related to improved operating conditions rather
than any structural improvements to the MEA. During the
early 2000s, Qi et al.3®BU pioneered MEA activation using
a protocol that held the cell voltage in the range of 0.4-0.6 V
(current density 1.0-1.5 A cm™?) while varying the cell tempera-
ture, hydrogen, and air humidification. They found that a cell
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Figure 6. TEM images and catalyst particle size distribution of the cathode CL after aging cycles a) activated MEA by contact voltage procedure and
b) activated MEA by constant low current method. Reproduced with permission.[??l Copyright 2019, Elsevier.

temperature of 75 °C and hydrogen and air humidification
temperatures of 95 and 90 °C, respectively, produced the best
performance post-activation. Catalysts with lower Pt loadings
also experienced greater increases in activity compared to those
with higher loadings. It was suggested that the performance
improvement was due to the elevated temperatures “opening”
regions of the CL by hydrating the ionomer, giving access to the
Pt catalyst sites, which agrees with lower Pt loading exhibiting
greater improvements when more sites are exposed. Although
the importance of membrane and ionomer hydration as part of
the conditioning procedure was not deeply discussed, it is likely
that a large contribution of the performance improvement was
due to this hydration.

Deliberate short-circuiting in PEFCs can be used to tem-
porarily boost the performance by increasing the amount
of water in the MEA and generating extra heat. Periodic
shorting of a stack during operation, for example, 500 ms
shorts every minute, is commonly employed in commer-
cial systems.[32134 Xie et al.'*% shorted their cell for a few
minutes prior to feeding reactants, followed by CC opera-
tion at 1 A cm™ for 6 h, obtaining a stable potential after
3 h. However, a recent study by Trogadas et al.*®l found
that while immediate performance improvements are seen,
in the long-term, severe Ostwald ripening and Pt migration
occurs at the cathode CL of a short-circuited MEA compared
to a non-shorted one.

Table 1 compares different conditioning strategies proposed
in the literature. It is difficult to make direct comparisons
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between the different methods as MEA variation, operating
strategies, PEFC sizes, and environmental conditions mean
that output power cannot be an accurately benchmarked. How-
ever, from our survey of the literature it appears that CP, high
temperature and RH achieves the best performing devices.
Although for ease of comparison between publication it is
advised to follow procedures defined by independent bodies,
such as the USFCC.'¥7]

2.5. Effect of Operating Parameters

The performance and operational stability of a fuel cell system
is ultimately dependent on the operating parameters applied.
These conditions include the operating temperature within the
cell, humidification, gas purity, flow parameters within the feed
lines, and pressure of the system. Poor optimization of these
factors can result in inefficient operation or damage to the
fuel cell components, such as overheating, ionomer dehydra-
tion, and pinhole formation. While each operating parameter
can be individually investigated and optimized, they are ulti-
mately interconnected and also dependent on the MEA prop-
erties and fuel cell design.*® Basic performance comparison
can be achieved through polarization and electrochemical
analysis, where each operating parameter is expected to alter
the kinetics, mass transport of gases, flooding/drying of the
ionomer, etc. Understanding how these parameters affect each
overpotential contribution is key, as it is possible to roughly
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Figure 7. Polarization curves of a 5 cm? PEFC operated between 65 and
85 °C. Performance improved with increasing temperature between
65 and 75 °C, remained constant from 75 to 80 °C and then deteriorated
at 85 °C. Reproduced with permission.[*? Copyright 2006, Elsevier.

deconvolute the impacts of various parameters on the overall
activity of the PEFC and suggest improvements.[3%

2.5.1. Temperature and Relative Humidity

The choice of operating temperature influences the overall cell
performancel™*] and is particularly important for the activity
of the CL. In a broad study examining the effects of various
operating conditions on performance, Yan et al.’3% varied
the operating temperature of a 25 cm? cell from 65 to 85 °C
at 100% gas humidity. Using polarization curves (Figure 7),
they observed an improvement in performance as the tempera-
ture increased from 65 to 75 °C; peformance then remained
roughly constant from 75 to 80 °C, folllowed by deterioration
after 85 °C. The authors suggest that the increase in perfor-
mance be explained by the increase in ionomer conductivity
and gas diffusivity at higher temperatures, increasing the
amount of reactant available to the catalyst and thus reducing
mass transport losses. The increase in temperature is also
understood to enhance reaction kinetics at the catalyst site,
reducing activation losses, 7 although this is not always
observed as shown by the reduced OCV in Figure 7 As the
temperature is increased further, the rate of water evaporation
exceeds the rate of water production at the cathode, resulting
in ionomer dehydration and impeding proton conduction
within the CL and across the cell. Poor proton conductivity at
higher temperatures leads to reduced cell activity, resulting
in a feedback loop wherein even less water is produced in the
cathode CL, leading to further dehydration of the membrane
and potentially failure of the cell.'3%142]

Closely interlinked with the temperature is the humidity
of the reactant feeds. Low humidity is typically considered to
be between 20% and 50% RH, while above 70% RH is usually
regarded as high humidities. Typically water is introduced into
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the CL and membrane via gas humidification, this water is
required to alleviate the negative feedback loop of dehydrated
ionomer, particularly at higher temperatures. In a well-known
study conducted by Wang et al. in 2003, the cell tempera-
ture was varied while the gas humidification temperatures were
held constant. At low current densities, when the operational
temperature exceeded that of the humidification temperature,
the water produced at the cathode was insufficient to main-
tain ionomer hydration within the CL, resulting in a decreased
ECSA. When the operational temperature and humidifica-
tion temperature were increased in step with each other, such
that they remained equal, this effect was not observed and the
performance increased consistently as the temperatures rose to
90 °C. Although this observation disagrees with the tempera-
ture impact on performance at a set humidification in Figure 7,
we assign this to differences in cell design and testing protocols
such as MEA size. It has further been found that the current
density distribution across the MEA changes as a function of
RH: at high humidity, the current density decreases from inlet
to oulet; at low humidity this is reversed.!? The performance
and durability implications of cell heterogeneity is discussed
more in Section 2.5.2.

Yan et al.l3% found that for a low air humidity, a high
hydrogen humidity can be utilised to maintain membrane
hydration by reversing the water gradient that normally causes
back diffusion of water to the anode, while electroosmotic
drag maintained water transport to, and hydration of the
cathode. As anode humidity was increasced, reduced cathode
humiditiy was required to achieve peak current current den-
sity by increasing the water gradient between the electrodes.
This is likely due to reduced excess water in the cathode
and GDL impeding the access of oxygen to the cathode and
results in larger mass transport resistances.! It was found
that flooding under high cathode gas humidity also led to
greater degradation of the CL, accelerating the agglomeration
of Pt NPs, corroding the carbon support, and thus reducing
the number of active catalyst sites.*¥] Neyerlin et al.l*®l
observed poor ORR kinetics at low RH, due to poor proton
conductivity and drop in ORR exchange current density, but
this was unaffected above 50-60%.

Beyond the simple operation of a fuel cell at a given set of
RH, it has been shown that the operational history of humidi-
ties of a fuel cell also has an impact on onward performance.
Jomori et al. studied the effects of low humidity operation
on a 1 cm? cell, where the cell was left to operate for 18 h at a
20% RH. Using the current density achieved at 0.9 V after 200 s
as a benchmark, they found that after 13 h of operating at low
humidity, the normalized activity level of the cell had dropped
by 68% when compared to the activity measured immediately
after the cell’s activation. While the cell activity could be mostly
recovered via a number of protocols involving CP and high
humidities (between 90% and 170% RH), it was not possible
to regain the full activity observed immediately after activation.
The loss in activity during the low humidity operation is sug-
gested to be due to the adsorption of ionomer sulfonate groups
onto the Pt surface, which in turn increases the oxygen trans-
port resistance and poisons the Pt catalyst.

To conclude, higher temperatures directly improve catalytic
activity and proton conductivity and thus, the kinetics of the
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electrochemical reaction. However, this is contingent on the
hydration of the ionomer. It has been suggested that at low cur-
rent densities, external humidification is required to achieve
adequate performance, but MEAs operated continuously at
high current densities can generate enough water to humidify
the membrane and ionomer.™ Hence, elevated temperatures
can result in enhanced performance and higher attainable cur-
rent densities, but the rate of water production may be insuf-
ficient to prevent ionomer dehydration, which ultimately leads
to cell failure. Thus, suitable hydration of the feed streams or
ionomer is crucial for maintaining the overall performance and
stabilizing the water distribution within the cell. While this can
be difficult to envisage prior to operation, as it can depend on
the operating strategy, a comprehensive understanding of the
interplay of temperature and humidity must be discerned by
observing changes in performance. This interplay can be highly
dependent on the size and design of a fuel cell and constrained
by its intended application. In general, a higher temperature
with a suitable level of hydration is desired, but this can also
depend on the MEA material properties, such as the thickness
of the GDL and ionomer. As a result of the difficulty in sug-
gesting a universal operating temperature and gas humidifi-
cation, the US department of energy (DoE) and the EU have
synchronized their test protocols to suggest an operating tem-
perature of 80 °C, but at varying RH as a base standard for
comparison. 36152

2.5.2. Fuel Stoichiometry, Flow Operation and Cell Heterogeneity

There are two types of established fuel cell flow operations:
through-flow anode (TFA) and dead-ended anode (DEA).
DEA differs from TFA in that the anode outlet is closed,
with intermittent purges acting to remove built-up N, in the
system, replenish H, fuel, and instantaneously recover the
cell voltage.'>3] DEA mode has the benefit of requiring fewer
auxiliary components, employing a single pressure regulator
and a purging valve at the outlet. However, a highly heteroge-
neous current density distribution, caused by fuel starvation,
has been observed in DEA operations induced by the accumu-
lation of water and nitrogen in the anode channels.™ This
results in a higher local potential at the cathode, which cor-
rodes the cathode carbon support, as shown by Yu et al.,[>4
who reported a 25% decline in the cathode CL thickness from
the regions of the hydrogen inlet to the outlet. Strahl et al.,['*!
and Chevalier et al.'*® reported that the accumulation of
water at the anode is more detrimental to performance than
built-up N,, with excess water aiding in accelerated carbon
corrosion.[140]

In through-flow operation, the supply of reactant gases can
either be at a constant flow rate for small cells or, most com-
monly, in stoichiometric ratios. In which the flow of reactant
gas is defined by the load demand, calculated through Faraday’s
law,™ and multiplied by a stoichiometric ratio to give a pro-
portional excess of reagents for the reaction at the desired cur-
rent. Insufficient reactant gas supply can cause fuel starvation
which results in severe carbon corrosion.'#1> Excessive reac-
tant gas can result in low fuel utilization, a significant drawback
in commercial systems, and a loss in membrane humidity as
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a result of the higher flow rate drying out the cell.l'0-162] Deg-
radation caused by local fuel starvation can be mitigated by
supplying reactants above the minimum required for the elec-
trochemical reaction. For laboratory MEA testing, over-supply
of reactants prevents local degradation. However, in commer-
cial systems, the enhanced durability from fuel over-supply has
to be balanced with higher operating costs and lower combine
paragraphs.

If reactants are supplied at the exact quantity required for
reaction, it can, counterintuitively, lead to degradation due to
significant heterogeneity in cell performance and humidity.[63!
This is due to the reactant being consumed by the MEA along
the flow path, which lowers the reactant content along the
channel away from the inlet.%%4 This inconsistent reactant
distribution is present in all fuel cells and results in fuel star-
vation toward the outlet, reduced current density, and local
cell reversal in which the anode voltage becomes large enough
to drive water electrolysis via carbon oxidation,[140.163.165-168]

Similar to reactant, RH changes significantly across the
electrode area as a result of local water generation and water
absorption by the ionomer. This results in significant varia-
tion in local water content, which accelerates local carbon
corrosion and is a key cause of membrane degradation which
leads to overall system failure.l%%l As such, many of the factors
influencing degradation in an MEA do not relate to the mate-
rials themselves, but the geometries and conditions of the
MEA. For example, Chen et al.'®3] found that increased size of
the cathode outlet opening reduced carbon corrosion, this was
suggested to be related to more homogeneous water distribu-
tion across the active area of the MEA. Gas purging during
operation has been reported to remove the excess water asso-
ciated with increased carbon corrosion.l*8l Taniguchi et al.124
investigated the damage to a 10 cm? PEFC subjected to fuel
starvation and detected catalyst dissolution on both electrodes,
with severe loss at the fuel outlet regions. The effects of fuel
starvation become more prominent with increasing cell size.

Current distribution mapping can be utilized to study fuel
starvation, carbon corrosions and performance heterogeneities
by capturing localized measured currents in-operando. Using
a specially designed cell Liang et al.'%®l detected high local
interfacial potentials (~1.8-2.6 V) near the anode outlet, where
hydrogen and water are oxidized, accelerating carbon corro-
sion and generating a water electrolysis current. Using current
mapping Zhang et al.”% observed unstable current densities
and temperatures toward the outlet during hydrogen starvation
when the cell was operated in CP, while for CC, local perfor-
mance near the inlet rises, which accelerates their local degra-
dation. Brett et al.®" used a segmented electrode array along
a single channel to measure local performance at different
gas flow rates. Figure 8 shows that with increasing flow rate,
homogeneity in the current density profile is established. How-
ever, at high air flow rate and no humidification (Figure 8j), an
increase in current is exhibited along the channel, which when
analyzed through local EIS, was due to membrane dehydra-
tion near the inlet caused by the high gas flow. The larger cells
are more prone to inhomogeneous distribution of humidity
and current density due to the significantly longer flow
path of reactant gases and water distribution. Using smaller
size MEAs, 5-25 cm?, will minimize the impact of localized
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Figure 8. Current and ionomer distribution profiles during operation along channel length at different air flow rates at 80 °C. Reproduced with permis-

sion.0 Copyright 2007, Elsevier.

degradation. However, significant research using current map-
ping systems is required to understand and optimize the MEA
cell design and mitigate the localized durability loss.

2.5.3. Gas Pressure and Back Pressure

Gas pressure has several distinct impacts on fuel cell perfor-
mance it is typically controlled via back pressure, in which a
particular pressure is applied at the end of the systems flow
path, after the active area. It impacts the thermodynamics of
the ORR reaction, as the theoretical OCV is related to back
pressure, with higher back pressure increasing the partial pres-
sure of reactants and increasing the OCV.[772 [t also has an
impact on exchange current density, mass transfer, and to a
lesser extent the membrane conductivity.'”"7? These factors
result in increased current density as a function of back pres-
sure, although this is often in conjunction with and limited
by higher back pressure increasing H, crossover as shown in
Figure 9.171772] Furthermore, at very high back pressure, sealing
problems with the cell can lead to accidental gas loss. It has
been reported that higher back pressure can cause a more
homogenous distribution of local current density as more reac-
tants are available to catalyst further along the flow path;!™
However, it has also been suggested that oxidant pressures
above 3 atm do not significantly increase molar oxygen fraction
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but does lead to durability issues and parasitic power loss asso-
ciated with greater gas pressure.[1”3]

2.6. Accelerated Stress Tests (ASTs)

Degradation processes in fuel cells occur over thousands of
hours, hence, ASTs are used to mimic degradation on a time-
scale that is more attainable for lab-based testing. Furthermore,

120

1.00

8~ Absoluts backpressare = 3.0 am
—— Absolute backpressure = 2.0 atm

080
£
& om0
s \‘\s\
2 -
8 o040

020

0.00

000 025 050 075 1.00 125 150 175 200
Current Density (A<cm™)

Figure 9. Calculated fuel cell polarization curves at back pressures of
2.0 and 3.0 atm. Reproduced with permission.[72 Copyright 2013, Elsevier.
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because each component has a unique degradation mechanism,
the particular AST protocol used can target a specific mecha-
nism, such that the processes can be partially disentangled.
Similar to conditioning, a large range of protocols have been
proposed, each with different voltage ranges, times, and cycling
methods. Both the US DoEB®7 and the EUI2I have outlined
common standards to benchmark degradation of PEFC which
are particularly useful for assessing the durability and lifetime
of CLs and are essential for characterizing the suitability of new
CL materials and compositions. Given the range of degradation
mechanisms, including both mechanical and (electro-)chemical
processes,”®l it is important to note that a range of such tests
are necessary to fully understand a material’s durability and
suitability in real world applications.

For CLs, there are traditionally two key degradation path-
ways that occur, typically separated into the degradation of the
catalyst particles and carbon corrosion of the support.7617]
Although in practice, both mechanisms are interlinked and are
consequences of Pt redox reactions that simultaneously occur
to different degrees during fuel cell operation. Furthermore,
changes to the ionomer distribution during operation can
impact Pt utilization/poisoning, electrode thinning and mass
transport. The two main mechanisms of catalyst degradation
during fuel cell operation are Ostwald ripening, in which the
catalyst detaches from the support and deposits somewhere
electrochemically inactive, and particle coalescence, which
results in the formation of larger particles with less catalytic sur-
face area.”"V8] Regarding the catalyst, ASTs targeting this mode
of degradation typically use voltage cycling in the region of
0.6-0.95 V (i.e., near OCV) for extended periods (30 000 cycles
for the DoE protocol).2%74 This voltage range is relevant for
typical PEFC operating conditions and also encompasses
the activation region of the polarization curve, where catalyst
utilization is relevant. Within this range, Pt catalyst particles
have been found to degrade via both particle coalescence and
Ostwald ripening, which reduces the available ECSA as shown
by in situ CV.”7l Some practitioners have found methods that
can alleviate catalyst degradation, such as the reduction in
catalyst particle sizel” or the use of additives, like graphene,
for improving catalyst durability. This is more widely discussed
in Section 4.1180]

To emulate carbon corrosion, which happens especially
during cell start-up/shutdown where the cell is subject to
high voltages caused by a hydrogen/air wavefront,18182 cells
are cycled at higher voltages between 1 and 1.5 V for around
5000 cycles.l'” The result of extended cycling at extreme
voltages includes the loss of oxygen-containing functional
groups on the surface of supports,> formation of gases like
CO and CO,,™ as well as increased cracking of the CLI3418]
and overall loss of carbon material.'”/l The loss of carbon mate-
rial itself also occurs, a side effect of this type of degradation is
the loss of catalyst material via particle detachment, ¥ which
results in a loss of ECSA. Furthermore, ionomer is also lost
from the CL during this carbon corrosion mechanism, which,
along with increased cracking, thinning and collapse of the CL
pore structure, can significantly reduce the water management
abilities of the CL during operation.’ Although the exact
structure changes that occur during ASTs are beyond the scope
of this review, we recommend other reviews on this topic.[18818]
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2.7. Conclusion and Outlook

While beneficial for screening the effectiveness of new cata-
lyst materials due to facile operation, ex situ RDE does not
provide data comparable with full fuel cell tests. It is there-
fore an appropriate starting point for catalyst development,
allowing multiple new materials to be tested efficiently, but
is not intended to replace MEA testing. In an MEA, interplay
of additional factors such as the catalyst-support interaction,
ionomer distribution, manufacturing processes, and non-CL
components, provide a true representation of CL performance
under realistic operating conditions. The natural progression
for catalyst research and development follows the path of i) RDE
screening with small amounts of novel catalysts to ii) single-
cell MEA testing of batch samples and finally iii) short-stack
testing of “design-freeze” scaled-up catalyst to assess long-term
MEA performance in commercially relevant systems. As well
as standard MEA electrochemical testing methods (polarization
curve, ECSA), further quantitative information about the MEA
can be obtained through metrics such as Efp, and dry proton
accessibility and are useful for understanding the Pt distribu-
tion within the CL. Furthermore, the role of conditioning on
achieving optimized performance cannot be overlooked. A wide
variety of conditioning protocols have been investigated and
published, generally suggesting CV operation combined with
CC. Tt is recommended that the US DoE protocols are adopted,
as developing in-house conditioning requires extensive trial and
error.3l Much more work is required to understand the physical
changes induced by conditioning and understanding this
process could be used to optimize device performance.

It is not possible to recommend a single set of optimized
operating conditions (i.e., temperature, humidity and gas flow)
for PEFC operation since the values chosen depend on the
design criteria of the system in question and their values rela-
tive to each other. For example, GDLs used for automotive appli-
cations will most likely be thicker, more porous, with greater
amounts of hydrophobic coatings, best suited to low humidity
operation as a significant amount of water will be produced
in the stack. The optimum level of hydration is dependent on
the operating current density, the thickness of the GDL, and
the thickness of the membrane. Too little hydration will dehy-
drate the ionomer reducing performance and resulting in
pinhole formation, while too much results in gas starvation.
Higher operating temperatures are imposed in order to maxi-
mize catalytic activity, but ionomer dehydration is possible as
the water produced by the electrochemical reaction is insuffi-
cient to maintain ionomer hydration. An elevated temperature
can result in ionomer thinning and pinhole formation, and
increased degradation rates of the support and Pt if the level of
hydration is poor. Too low a temperature underutilizes the cata-
lyst and is more likely to condense liquid water and flood the
GDLs, restricting gas flow and thus causing reactant starvation.

Finding the right balance of operating conditions requires
a solid understanding of how the operating parameters affect
the overall performance as well as an awareness of how to
identify and alleviate issues such as flooding or membrane
dehydration. Defining the optimal operational parameters is
further dependent on the size of MEA area, and number of
cells in the stack, thus it is highly recommended to follow a
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well defined protocol. The degradation of PEFC components
is an inevitable phenomenon, but operating parameters can
significantly impact their durability. Carbon corrosion is accel-
erated under humidified conditions and higher temperatures,
which results in Pt agglomeration/dissolution/migration. This
degradation is not homogenously distributed over the entire
MEA; localized membrane thinning leads to a negative feed-
back loop of deterioration and performance loss. Local condi-
tion heterogeneities are accentuated with larger active areas
which will result in increased local degradation rates, predomi-
nantly at the outlet. This aggravates local fuel starvation leading
to enhanced degradation. In general, commercial systems
must carefully optimize the fuel ratio to minimize degrada-
tion mechanisms from local fuel starvation while maintaining
fuel efficiency. Adjusting operating strategies such as flow-
field design, gas flow, and humidity are required to reduce the
inhomogeneous degradation, thus extending PEFC lifetime.
While there is significant research looking at more complicated
drive cycle corrosion testing, simple ASTs are a useful investi-
gative tool that can simulate standard degradation in a reason-
able timescale. Power density is a key performance indicator
for PEFCs, however, the importance of durability cannot be
understated, and all indications for PEFC targets, either from
governments or companies, indicate that significant improve-
ments to the durability of MEAs is needed.

3. lonomer Distribution

3.1. Introduction

PEFCs utilize a solid electrolyte to act as a bulk ion-conducting
membrane, typically 10-50 pm thick, to transfer protons
between electrodes. The conduction of protons within the CL is
typically achieved by the integration of a substantial proportion
of polymeric ion conductor. The ion conductor coats cata-
lyst support particles as thin films, 2-50 nm thick, as well as
interpenetrating agglomerates and filling the regions between
aggregates, as shown in Figure 2. PFSA ionomers are used
due to their high proton conductivity as well as chemical and
mechanical stability within the high voltage and corrosive fuel
cell environment. However, good ionic conductivity is only
achieved when properly humidified.**>*1% PFSA ionomers
are typically formed from a combination of hydrophilic
sulfonate (SO;7) bearing side chains and hydrophobic Teflon-
like backbones, as shown in Figure 10.5%1U This gives rise to
their ability to conduct protons as the ionomer forms a crystal-
line phase-segregated structure with localized hydrophobic and
hydrophilic domains.P?192193 Protons are transported in the
hydrophilic region and the hydrophobic component provides
mechanical support.%12

PFSA ionomer chemical structure is commonly expressed by
equivalent weight (EW), the mass of dry membrane per mole
of acid groups, rather than molecular weight (MW). Backbone
lengths are on the order of 100 nm, with side chains roughly
0.8 nm long regularly, but randomly, distributed on the order of
every 0.6-1.2 nm for the most widely used ionomer Nafion with
EW of 1100 g mol~. Proton transport within ionomers relies
upon the vehicular mechanism, via hydrated proton transfer, or
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0.6-1.2 nm

~0.8nm

Figure 10. Molecular structure of Nafion ionomer with repeat unit, n, and
EW determined by the repeat unit, m. The molecular structure corresponds
to a simplified model of Nafion, with morphological dimensions and proton

transfer via the Grotthuss mechanism in hydrated state detailed. Adapted
with permission.[¥!l Copyright 2017, IOP Publishing, Ltd.

Grotthuss mechanism, via structural reorganization and “hop-
ping” of protons within extended hydration structures.'”¥l The
ionomer EW and morphology dictate the number and struc-
tural organization of bound counterions (SO;57), respectively.
Therefore, the degree of acid dissociation (unbound protons)
and long-range tortuosity can be influenced by the choice of
ionomer and directed structure within the CL, with subsequent
impact on long-range proton conductivity. Since this review is
focused on the structure—performance relationship of the CL,
it will discuss ionomers as a thin film within the CL. Although,
the cathode/membrane interface has a large impact on per-
formance.®>1%] Proton transport within the CL has also been
reported to be supplemented by localized liquid water, which
can act as a proton transport medium independent of the
ionomer.%%8197 This can be seen in FPEPY or nanostructured
thin film (NSTF) electrodes which are designed to operate
without ionomer in the CL and instead utilize only localized
water to transfer protons.5261:197-200]

The ORR requires reagents to approach and adsorb onto the
electrode surface, followed by a charge transfer between reac-
tants and electrode and the resulting product to desorb from
the electrode surface. Due to the competition for space on the
surface of the catalyst, the structure and arrangement of the
ionomer can have a serious effect on reactant transport, cata-
lyst utilization, and durability.?°!] Reducing the resistance to
reactant diffusion and proton and electron conduction through
the CL network improves the voltage and power density in the
mass transport regime. Therefore, the nano- and micro-struc-
ture of the ionomer and relating physicochemical phenomena
responsible for transport must be well understood. This knowl-
edge of the structure-performance relationship can inform
modification of the catalyst composition and morphology and
allow researchers to develop efficient catalyst/ionomer support
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interactions with optimum catalyst utilization and improved
electrode performance.

3.2. Thin Film Morphology

Many morphological models of bulk Nafion have been pro-
posed based on a variety of scattering, spectroscopy, and
microscopy techniques. These include water-rich clusters that
evolve into channels at high humidity,2°2 water cylinders in
a polymer matrix,?%3 and elongated polymer aggregates that
bundle,?*¥ possibly into ribbon-like units.[?l The structure and
properties of Nafion confined to the nanoscale are significantly
different from the bulk, and its exact structure and behavior
is still not precisely understood.?® The lack of certainty
regarding mechanisms within Nafion thin films present in the
CL has led to many studies using thin-film model samples to
probe the analogous structures occurring at these low dimen-
sions.92193207] The morphology has been widely reported to
change significantly across different length scales.[192:193:207.208]
As thin films of Nafion become confined, self-assembly
becomes constrained compared to bulk Nafion,%*2] resulting
in the hydrophobic and hydrophilic domains becoming more
intermixed than in bulk Nafion.?%! Transport of active species
is closely tied to the Nafion morphology, specifically the ionic
domains that swell upon hydration and allow proton conduc-
tion, but also free volume and interfacial structuring that
affect gas diffusion.”!%! In addition to the complex morphology
of Nafion, the ionic domain structure, chain dynamics, and
mobility have a significant effect on functional properties such
as the glass transition, water uptake (WU), mechanical proper-
ties, and anisotropic ionic conductivity.”) Fabrication methods,
including mode of deposition and thermal processing, can have

Ultra-thin (<55 nm)
hy drophilic films
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additional effects on the structure, which affects functionality
within the electrode and thus fuel cell performance.?'!! There-
fore, it is imperative to achieve a complete understanding of the
differences in the morphology of thin-film and bulk Nafion to
comprehend the proton-conducting and mechanical properties
present in optimized CL with varied catalyst and support chem-
istries. Over the past decade, significant work has elucidated the
structures of thin-film ionomers based upon varying substrate,
choice of deposition technique, thickness, processing, and envi-
ronmental conditions. This has been achieved by the use of a
range of techniques including neutron reflectivity (NR),211212]
grazing-incidence small-angle X-ray scattering (GISAXS),?!!
ellipsometry,21% and quartz crystal microbalance (QCM).?
The separation of bulk-like properties and properties due to
dimensional confinement and surface interactions has been
demonstrated to start at around 60 nm."221 Films between
12 and 60 nm, known as the “thin film regime”, consist of a
lamellae layer at the substrate interface and a layer of 3D phase-
separated Nafion, with internal structure influenced by interac-
tions with the substrate. Nafion assembled on a surface, that
is, within the catalyst agglomerates, has been characterized as
forming three thickness-dependent morphologies with varying
degrees of ordering, as shown in Figure 11.192 Quoted as the
“truncated regime” by Dura et al.,2l the morphology of films
<12 nm are dominated by side-chain and sulfonate group
interaction with the substrate resulting in in-plane orienta-
tion of polymer chains and multiple layered lamellae forming
in extreme cases. This leads to polymer chains favoring align-
ment parallel to the surface, and hydrophilic sulfonic groups
encouraged to orient toward the air—film interfaces.'9%207214]
The “thick-film” regime encompasses films >60 nm, which are
composed of the two prior structures and an additional “bulk-
like” layer. This “bulk-like” layer has properties and morphology
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Figure 11. Proposed thickness—dependent nanostructure of ultrathin and thin Nafion films from 4-300 nm. Reproduced with permission.*? Copyright 2013,
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equivalent to bulk Nafion, which remains relatively constant at
all thicknesses greater than 60 nm, until the surface of the layer
where a thin, hydrophobic, backbone-dominated layer forms,
as is observed in bulk samples.?'l All Nafion films, regardless
of thickness, exhibit the interfacial lamellae region. Therefore,
understanding this lamellar region is imperative to the under-
standing of electrochemcial processes occuring at the TPB of
fuel cell electrodes.

The lamellae region at the interface between a substrate
and bulk Nafion is caused by a phase separation that develops
few-nanometer, sheetlike crystallites that orient in-plane
with the substrate. Figure 12 shows the complex structure at
the lamellae region, which is an interplay between ionomer/
substrate interactions and water/ionomer interactions. The
phase segregated ionomer structure is “locked into” the film,
due to low mobility of the polymer groups under dry condi-
tions. For hydrophilic substrates, such as SiO or PtO, the first
lamella (in contact with the substrate), composed of primarily
water when hydrated, is followed by a backbone-dominated
water poor lamella. The side chains associated with the Nafion
backbones in the second layer protrude through the first water-
dominated lamella, and sulfonate groups interact with the
hydrophilic substrate. The lamellae (1.5-2 nm) repeat with
alternating water-rich, side chain-dominated layers, and water-
poor lamella, with SO3H groups lining the interfaces between
the two. However, the exact crystallite structure is dependent

www.advenergymat.de

on substrate and ionomer, as well as environmental condition.
For example, when assembled on hydrophobic carbons the ori-
entation of polymer chains is observed to be flipped so that the
hydrophobic backbone component is in contact with the sub-
strate.21>21% The Nafion lamellae becomes less structured, with
reduced phase separation away from the substrate, as the mor-
phology is no longer defined by the surface interaction with the
substrate, shown in Figure 11. Under dry conditions, a lack of
internal water induces less phase separation, resulting in fewer
lamellae layers.?™ Hydrophilic interactions entrap residual
water molecules in the first lamella, but subsequent dehydrated
side chain-dominated layers possess unfilled pores with lim-
ited side-chain mobility and low density. At RH between 0%
and 100%, intermediate structures with increasing number and
thickness of lamella are observed. The transition where struc-
tures resembles that in the fully hydrated state is 60-70% RH,
this is in agreement with the RH where bulk-like water forms
in bulk nafion.?+213]

Molecular dynamics (MD) calculations of carbon agglomer-
ates within a CL verified the existence of the lamellae structure
with alternating hydrophobic and hydrophilic regions at the sur-
face. The lamellae structure with tightly bound water and inter-
facial layering parallel to the substrate results in anisotropic
tortuosity.?’”! The formation of these structures favors water
transport parallel to the substrate over the perpendicular direc-
tion and results in interfacial impedance in the electrode. 21821
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Figure 12. “Local average” water content in Nafion lamellae on SiO, substrate, as a function of layer number in a) thin-film regime b) thick-film regime,
where t12 denotes a 12 nm film. Reproduced with permission.?™ Copyright 2018, Elsevier. c) Proposed atomistic physical model of truncated Nafion
on SiO,, based on NR composition depth-profile. Adapted with permission.?'*] Copyright 2005, The Royal Society of Chemistry.
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Figure 13. Plots of proton conductivity versus thin film thickness at 100% RH with dotted line showing proton conductivity of bulk Nafion. a) Through-
plane conductivity proportional to thickness, while b) in-plane conductivity inversely proportional to thickness, demonstrating the effect of internal
morphology with dimensional changes. Adapted with permission.?'¥) Copyright 2018, American Chemical Society.

Average film conductivity is highly dependent on thickness of
this Nafion lamellae, with experimental and modeling studies
observing water and thus hydronium ion transport widely
fluctuating based on lamellae thickness and water-poor or -rich
layer termination.??”l Increased interconnection of domains
led to a =7 nm thick water-rich lamellae having the greatest
and most isotropic dynamics. In contrast, lowest conductivities
in the water-poor =5 nm lamellae were a result of both tightly
bound water molecules and the continuous and impervious
hydrophobic Nafion “skin” at the second lamella restricting
through plane water connectivity.?’?l The linear hydrophilic
channels reported in 2.4 nm films likely provide a sufficient
transport pathway.??" This exemplifies the importance of an in-
depth understanding of how the substrate/Nafion interactions
defines the nanoscale structure and the resulting transport
properties of the ionomeric binder and thus PEFC electrode.

3.3. Thickness-Dependent Morphology

Film thickness impacts the internal film structure and degree
of order, with thicker, less-confined films allowing the ionic
domains to assume a more ordered and phase-separated struc-
ture. However, below 60 nm, interaction with the substrate
results in frustrated packing of ionic domains and poor con-
nection between hydrophilic phases, with non-uniform spatial
distribution having a significant effect on swelling.'*?l Using
GISAXS, Eastman et al.l?¥l found that domains parallel with the
substrate swell for all increases in RH, whereas domains per-
pendicular to the substrate swell only for RH increases above
60%. Above 60% RH, hydration of the interfacial layers reduces
confining interactions and polymer plasticization induces 3D
swelling of network channels. This non-affine swelling con-
firms that “thin films” are likely composed of an assembly of
locally ordered flat domains that orient favorably in plane with
the substrate, and this ordering decreases as the film exceeds
50—60 nm, at which point the matrix adopts a “bulk-like” phase
separation.[?]

WU has a profound effect on the proton conduction of
Nafion and the impeded transport properties of Nafion thin
films are speculated to mainly arise from a poorer WU.[221222]
In bulk Nafion, separate conduction mechanisms are observed
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depending on A (number of water molecules per sulfonate
group).?? At low water content (A < 2), hydronium ions are
tightly bound to the sulfonate groups and possess low mobility
vehicular diffusion due to an incomplete hydrogen bond net-
work. At intermediate water content (2 < A < 6), the hydration
shell grows forming more complex protonic species (Eigen and
Zundel ions) and the hydrophilic domains swell to form a per-
colated network allowing long-range proton conduction via the
Grotthuss mechanism. At high water content (4> 6), Grotthuss
mechanism hydronium transport dominates as the domains
swell to accommodate bulk-water. It is thus critical to attain a
comprehensive understanding of the WU and environment
within thin films to understand their transport properties.

For thin films, interaction with the substrate leads to greater
mechanical forces and a greater elastic modulus, which counter-
acts the thermodynamic drive for hydration, resulting in a lower
WU for thinner films. A gradient in elastic modulus, decreasing
further from the substrate, results in a gradient of water dis-
tribution with greater WU away from the substrate.[210:223.224
As the sample becomes thinner, domain size, free volume,
polymer chain mobility, water content, and ordering decreases,
with larger separations and less connections having a detri-
mental influence on anisotropic internal water mobility and
proton diffusion, as shown in Figure 13.12132"] Figure 14a dem-
onstrates the total film WU and swelling at films of different
thicknesses while Figure 14b provides isolated WU characteris-
tics of the individual film components as total thickness varies,
showing comparable results from studies using different
techniques. In the “thick film” regime, WU in the lamellae
remain roughly constant with the thickness increase, while
it increases slightly in the “bulk like” layer. In the “thin film”
regime, decreasing film thickness from 60 to 12 nm leads to
a linear decrease in WU to the “bulk like” layer, but an abrupt
and flattening-off decrease to the lamellae layer. The film’s
modulus gradient means that as the thickness decreases, and
thus the proportion of material in the more confined near inter-
face region (>12 nm) increases, overall WU decreases. Films in
the “truncated” regime have significantly greater swelling and
WU due to significant in-plane phase separation of hydrophilic
and hydrophobic domains.?"l WU and swelling of the lamellae
region is influenced by interactions with the substrate, bulk-
like layer, and vapor surface. As shown in Figure 14, this results
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Figure 14. a) Swelling strain and water volume fraction determined for Nafion films of 20-222 nm as a function of RH measured from XR. Adapted
with permission.[?'3] Copyright 2012, American Chemical Society. b) Water volume fraction as a function of Nafion thickness, including the interfacial
lamellae, bulk-like layer, and whole-film average. c) Schematic illustration of Nafion thin-film structure at a hydrophilic interface, including the sheet-like
lamellae and well-mixed, bulk-like outer layer. Adapted with permission.?'l Copyright 2018, Elsevier.

in lamellae WU changing from 23% for films in the truncated
regime, to 17% in the thin-film regime, increasing slightly as
the bulk-like layer reaches 60 nm, and increases to a relatively
constant 35% in the thick-film regime.?!Yl While these values
are obtained by ill-posed model fits (those with no unique solu-
tions), constraining the fitting process by observing changes
in an environment of light and heavy water and corroboration
with other experimental techniques suggest that the general
trend observed is accurate. It was found using MD simulations
that thicker (2 and 3 nm) films have more contact points on
the carbon support than 1 nm films and were thus less prone
to “ball up” and form an inhomogeneous ionomer distribution
revealing bare carbon surface.”?’! This resulted in the 2 nm
film retaining over double the water content of the 1 nm film at
the same hydration level.

The presence of Pt NPs on the carbon surface changes the
Nafion orientation due to strong interaction of sulfonic sites
with Pt; this results in the hydrophilic domains of the ionomer
connecting to the catalyst NP.226l This hydrophilic region of
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ionomer causes a considerable number of water molecules
to relocate close to the Pt NP in a favorable water cluster, and
generally causing higher water retention of the film. This may
provide a route for proton (and oxygen) to access the catalyst
preferentially over the support. A similar phenomenon is
observed upon Pt oxidation, with considerable preferential
re-arrangement of sulfonate groups around the Pt.2%! Since
poor coverage and water retention are suggested as the major
reasons for poor proton transport and utilization of catalyst
NPs, closer interactions between both water and Nafion to the
Pt would be expected to improve performance./?”’]

The performance and durability of a fuel cell can change
significantly if the ion conducting network is disrupted or
is assembled with different by film dimension and confine-
ment.22822 As shown in Figure 13, the proton conductivity of
Nafion films decreases with film thickness, with 100 nm thick
films having conductivity an order of magnitude lower than,
and activation energy twice that of bulk Nafion.l193208.221] The
relationship between A and conductivity varies with distance
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from the substrate. Due to orientational phase separation,
through-plane ion conductivity is significantly limited in all
layers, but it is highest at the substrate interface due to the
lamellae. As the Nafion phase becomes thicker and transport
becomes more isotropic, the difference between in- and out-
of-plane transport decreases and becomes mostly negligible
in the film volume >60 nm.?"3! As the film expands with WU,
increases in hydrophilic domain size and water volume fraction
lead to development of more proton conducting pathways and
loss of tortuosity, resembling the percolation threshold in bulk
Nafion.?!% In regions thicker than the “thin film” regime, ionic
domain morphology is similar to bulk Nafion with reduced ani-
sotropic ordering, but the effect of dimensional confinement
still suppresses the conductivity by restricting the mobility
of the polymer chains. The significantly different morpholo-
gies and WU result in truncated films (5-10 nm) having an
order of magnitude lower proton conductivity than thin films
(50-160 nm).[2%% Investigations using nuclear magnetic reso-
nance (NMR) revealed equivalent local water dynamics for both
10 and 160 nm films characteristic of water that has exceeded
the percolation threshold but without bulk water present.l?3!
While poor thin film conductivity could be a result of this lack
of bulk water for effective Grotthus diffusion compared to bulk
films, the same water environments in truncated versus thin
film regimes could not be assigned as the cause of their dif-
fering conductivity. Therefore, it is more likely to be an effect
of morphology and structuring within the water domains and
polymer matrix that limit hydronium ion transport for trun-
cated films. In the truncated regime, restricted chain dynamics
and insufficient sulfonate group aggregation, leading to poorer
domain formation, may collectively impede proton transport.
Additionally, Paul et al.2% also suggest that the mechanism of
proton conduction in Nafion thin-films could be fundamentally
different to bulk Nafion occurring by surface diffusion, rather
than via the Grotthuss mechanism in the water phase. Fur-
ther investigation is required to reveal these true atomic scale
phenomena.

It is very important to note that while through-plane conduc-
tivities have been reported to be greater in thicker ‘thin films’,
the total resistance to proton transport through ionomer films
will be roughly proportional to the total diffusion distance,
that is, the film thickness. Therefore, films in the “truncated”
regime, with a shorter diffusion distance (<10 nm), minimize
transport losses and thus a low Nafion content in the electrode
that achieves these dimensions are a promising strategy to
enhance performance.? Other transport resistances, such as
gas transport resistance, will be impacted by Nafion film thick-
ness and therefore their influence on performance and must
be considered. A covering ionomer layer of =7 nm has repeat-
edly been identified as having high proton conductivity and
exhibits the additional benefits of reduced gas transport resist-
ance.?32l However, the offset between these effects is complex
and dependent on the individual environments. For example,
60 nm films have been reported to have lower proton resist-
ance than 42 nm films, and 200 nm films have been observed
to have greater through-plane proton conductivity than both
thinner and thicker layers.?33] This is likely an effect of the dif-
fering nanostructures and suggests that reducing the ionomer
content in the CL to minimize proton resistance will only be

Adv. Energy Mater. 2021, 2101025 2101025 (20 of 82)

www.advenergymat.de

successful if the covering ionomer films are homogenously
maintained at =10 nm, rather than the heterogeneous layering
commonly observed with areas <10 nm and >50 nm.

3.4. O, Diffusion Limitations and Low Pt Loading

One long-explored method to increase cost effectiveness of Pt-
based CLs is reduction of Pt loading.*823523%] A trade-off between
MEA costs and current density will define the Pt loading and
fuel cell stack size, that is appropriate for different applica-
tions. The US DoE 2020 targets for Pt group metal loading on
the anode and cathode combined is 0.125 mgp, cm 223 How-
ever, with decreasing catalyst loading, an over-linear increase in
transport resistance is observed, which significantly limits the
performance of low loading Pt electrodes.l#0237-239] Figure 15
shows that as Pt loading decreases, O, transport resistances
increase.?”’] At ultra-low Pt loading (roughness factor), O,
transport resistance becomes the dominant factor causing per-
formance loss.2*! This resistance has been simulated to cause
just under half of the mass-transport voltage losses on a fuel cell
operating at 1.75 A cm™2, with 0.1 mgp, cm=22%] This effect has
been reported to scale with available Pt surface area per cm? of
MEA [236.237.240-222] |yt is not related to the turnover frequency
and is not a kinetic resistance.?3>?%! Overcoming this transport
resistance is necessary for achieving high performance in low Pt
loading MEAs, one of the main routes to large scale commer-
cialization of fuel cell technology.

The cause of O, diffusion limitations is widely reported to
be related to the oxygen flux through the thin film ionomer
coating on the Pt catalyst particles.>>%879:235:237-239] [n addi-
tion, models of electrodes with identical overall Pt loading,
but with different thickness have been reported to show the
same O2 interfacial resistance increase as seen in thin low-Pt
loaded electrodes, suggested to be also due to increased local
02 flux.?28l However, a definitive effect of film thickness on
0, diffusion eludes researchers due to the lack of control over
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Figure 15. O, transport resistance dependence on specific current den-

sity or roughness factor. Reproduced with permission.?*l Copyright 2016,
American Chemical Society.

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

ionomer homogeneity in the CL and variations in experimental
setups.l?¥28324 Oxygen is speculated to diffuse via both free
volume and hydrated hydrophilic domains in the ionomer bulk.
As the Pt loading decreases, there is less catalyst surface area
available, so a greater local O, flux is required to achieve the
same current densities. It is the increased resistance caused
by the additional O, flux that reduces performance.”*! Using
small angle neutron scattering (SANS), Yoshimune et al.2#l
showed that the ionomer shell layer adsorbed onto the PtC
surface became thinner and denser with decreased Pt loading.
The stronger hydrophobic interactions that occur between
carbon and Nafion increase with lower Pt loading, leading
to densification of the ionomer layer and thus poorer phase
separation, impeding gas diffusivity via the minimal free
volume.? Adding to the complexity of this system, it has
been reported that the O, diffusion limiting process takes
places at the Pt/Nafion interface, which has been reported to
have diffusion resistance equivalent to 40-70 nm of Nafion,
likely due to the lamellae phase separation.[°"?3>2#] Thinner
films with lower WU have reduced swelling of hydrophilic
domains, reducing the number of interconnected oxygen dif-
fusivity pathways through the Nafion thin film.?*2%] However,
the smaller oxygen diffusion distance in thinner Nafion layers
has been reported to reduce O, diffusion resistance.[’877:228.238]
Oxygen transport resistance has been observed to decrease
with increasing RH, due to lower interfacial resistance at the
hydrated Pt-ionomer interface.?'*243 It may be considered that
high interfacial water would reduce free volume at the interface
because of strong affinities between ionomer, water, and Pt and
therefore be detrimental.”>*] However, as observed by neutron
reflectivity (NR) investigations, the dry state mobility of the
ionomer on the surface of the catalyst is reduced, which forces
it to become a blocking layer to O, diffusion. The orientation
of sulfonate groups to the Pt surface, via water molecules, has
been shown to suppress O, adsorption resulting in reduced
effective surface area of Pt.>°!l Utilizing ionomers and supports
with weaker adsorbing functional groups and short side chain
ionomers could help reduce the formation of dense ionomer
layers that impede O, transport and catalyst activity.?3524] [t
is not clear which combination of these factors (Nafion layer
thickness, density, and water content) has the most impact
on O, diffusion resistance. Appropriate ionomer thickness,
ionomer chemistries with higher WU, and pre-treatment may
circumvent the O, diffusion issues on low Pt loaded CL.[?%

www.advenergymat.de

An alternative explanation for transport resistance at low Pt
loadings has been proposed by Muzaffar et al,**l who dispute the
widely reported theory that transport resistance is caused only
by limitations to the O, diffusion through the Nafion coating of
the catalyst. It has been previously suggested via simple analysis
of the surface area of the catalyst/support aggregates compared
with the thickness of the ionomer layer that Nafion does not
completely coat the catalyst particle surface.?>>2%3 While this
analysis assumes an even distribution of ionomer across the
support particles and no coalescence around Pt particles, many
studies have reported that a significant proportion of Pt is not
completely coated with ionomer.?*¥252-254 On the other hand,
catalyst particles in the porous aggregates are often not con-
nected to the Nafion ionomer network, but still electrochemi-
cally active due to the water-filled pores.[?9%2>l NSTF electrodes
have clearly shown that high current densities can be achieved
using only water as the proton conductor.*-32 However, since
0, diffusion through water is slower than through air, excess
localized liquid water can limit O, diffusion. Muzaffar et al.>%
suggest that the model of transport resistance-limited O, diffu-
sion occurring only through the Pt-ionomer interface is insuf-
ficient, as the alternative proton conductivity pathway offered
by localized water is largely ignored. Furthermore, the degree
of ionomer coating is expected to be dependent on the support
material functionalization, operating conditions, and ionomer
content. In-depth analysis from neutron techniques or elec-
tron tomography is required to understand this ionomer-Pt
interface and distribution. This analysis is key to determine if
O, diffusion limitations stem entirely from transport through
ionomer coating or if there is a significant contribution from
0, diffusion through localized liquid water.

Muzaffar et al.” suggested the reduction in Pt loading cre-
ates CLs with reduced volume, which significantly affects the
ratio between the rate of water vaporization and the rate of
water generation within the layer, as shown in Figure 16.5"
This problem of water accumulation is made worse by
increased local water content reducing the water removal
rate, 0] resulting in the CL flooding as it is made thinner.l*®>’]
Thin, low-Pt loaded electrodes have been reported to be
more prone to water management problems.[%°123% Hence,
it is suggested the O, transport limitations are caused by the
extended water diffusion pathways to the surface of the cata-
lyst. This hypothesis suggests that thin CLs are more prone
to flooding, and as such, water management is a high priority

Decreasing Pt loading

Lo, = 10 pm, Ay, > Leey

LCCL =3 Hm, lp = LCCL LCCL =1 Hm, lp < LCCL
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Figure 16. Schematic of water accumulation in the CL and GDL for electrodes of different thicknesses. Adapted with permission.’% Copyright 2018,

Royal Society of Chemistry.

Adv. Energy Mater. 2021, 2101025 2101025 (21 of 82)

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

for low Pt loading electrodes. Models of very thin cathode CLs
have reported limited current density due to oxygen transport
resistance being inversely proportional to the thickness, with
thinner CLs having lower currents.l?*® Furthermore, other
CL models have reported through-plane oxygen diffusivity
limitations, from which they concluded that the electrodes
are partially flooded.[?*] 1t is key to the future development of
low-Pt loaded electrodes to determine if water management is
an independent, but still detrimental factor to electrode per-
formance, or if flooding in thin CLs is the main cause of O,
transport resistance.’!

3.5. Role of Solvent in CL Structure

CL fabrication requires the use of ink composed of catalyst,
support particles, ionomer, and solvent, which is deposited
onto the substrate, dried, and sometimes exposed to further
treatment. The formation of primary ionomer aggregates of
varying size, shape, and dispersion, is dependent on solvent
properties such as viscosity, dielectric constant (polarity), and
surface tension. This influences how they interact with the
catalyst and support particles, covering or penetrating and
forming catalyst aggregates, or remaining as free ionomer. An
appropriate dispersing medium (solvent) is required to tune
the properties of the catalyst-ionomer interface. Solvent opti-
mization is dependent on physicochemical properties of all ink
components and must appropriately wet and stabilize the dis-
persion for useable ink. A complementary deposition method
is also required to form appropriate CL structure. The ink
structure is determined by nano-scale interactions of ionomer-
solvent,”l catalyst-ionomer,*>® and catalyst-solvent.”>’ The
DLVO (Derjaguin, Landau, Verwey, and Overbeek) model can
be used to explain these multifarious interactions occurring in
the ink leading to catalyst particle agglomeration, and should
be considered when designing an experimental procedure.l¥]
For example, if electrostatic repulsion due to surface charges
is sufficiently greater than Van der Waals attraction, the size
of the particles remain small, but if Van der Waals attraction
exceeds electrostatic repulsion, then particle aggregation pro-
duces larger particles resulting in an unstable ink and poorly
performing heterogeneous CL.1>]

3.5.1. lonomer Aggregate Structure

The solvent plays a key role in defining the shape and size of the
ionomer aggregates in solution or suspension, due to the sig-
nificant impact that polarity has on Nafion—solvent and Nafion—
Nafion interactions.l?*!l PESA-based ionomers are amphiphilic,
hence the hydrophobic backbone has greater affinity to hydro-
phobic solvents, the ionic side chains have a greater affinity to
hydrophilic solvents. Furthermore, ionic moieties (SO;7) with
strong ionic interactions can further influence the molecular
assembly. Therefore, the type and composition of the solvent
determines the ionomer conformation and ion pair clustering,
which then affects the morphology (size and shape) of the pri-
mary ionomer aggregates. A secondary aggregation produces
larger particles based on the electrostatic interactions of side
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chain ion pairs. The self-assembled ionomer structure in dilute
solutions is the initial aggregation state for solution processing
and has been shown to correlate with ionomer membrane mor-
phology by Lin et al.,1?°2) who compared dynamic light scattering
(DLS) with differential scanning calorimetry (DSC) and small
angle X-ray scattering (SAXS). Aliphatic alcohol/water solutions
exhibited larger aggregates and produced membranes with
greater phase separation due to poor solvent-backbone compati-
bility. In contrast, DMF solutions showed molecular aggregates
with reduced size and reduced phase separation because of the
high compatibility with backbone and side chain. More recently
an in situ GISAXS investigation by Dudenas et al.2%3 directly
observed the molecular transition of ionomer aggregates from
dispersion phase to domain network during assembly of a
100 nm thin film. As the solvent evaporate over the first 50 s,
the solution concentrated, inducing further primary particle
aggregation with a decrease in d-spacing between cylindrical
aggregates (=0.8 nm radius backbone core with =1.8 nm side
chain shell) from 12 to 6 nm. Concurrently crystallization is
observed with a preferential alignment of crystallites through-
plane. This is followed by formation of the ionomer peak, with
a separation of =3 nm, indicating formation of the polymer net-
work from ionomer aggregates. This directly demonstrates how
the aggregate interactions in solution evolve into the film mor-
phology. Subsequent gradual increase in domain spacing sug-
gests coalescence of hydrophilic domains into fewer, but larger
domains. Repeating the experiment with three water-alcohol
ratios showed markedly different transitions from solution to
film with varying interaction strengths and degrees of aggre-
gate ordering. This study relates how the aggregate structure
pre-determines the thin film morphology, corroborating models
proposed previously, and consolidates the importance in under-
standing ionomer-solvent properties to CL structure.[92211213]

The solvent dielectric constant, (¢), has a large influence on
conformation and size of PFSA ionomer aggregates by affecting
the degree of ionic clustering.””] The solvation characteristics
of Nafion in 71 solvents were classified by Uchida et al.?%4 as
i) soluble (& > 10), ii) dispersed (3 < & < 10), or iii) precipitated
(€< 3), with the general conclusion that greater ¢ better solvates
and thus reduces the size of ionomer aggregates. Direct meth-
anol fuel cell performance was reported to be higher for CLs
fabricated using low € solvents, such as dipropyl ketone (& =
12.60) and n-butyl acetate (¢ = 5.01), which was attributed to
the larger catalyst aggregates forming larger secondary pores
with improved mass transport.?®>) Using mixed solvents, all
considered in the “soluble regime”?*4l ranging from & =74.9 to
£=16.5, obeyed the same trend of improved CL performance
with decreasing dielectric constant, with highest performing
being an ethanol:butyl-acetate:glycerol (45:40:15) composition of
€ =16.5.2%01 This low & solvent also facilitated impregnation of
ionomer into the porous hydrophobic GDL during fabrication,
providing a uniform structure, rather than highly polar sol-
vents that remained at the surface of the GDL and had reduced
intermixing.

While correlation of fuel cell performance with solvent prop-
erties has revealed insight to CL ink requirements, atomic-scale
observation of the solvent-ionomer interactions provides a
rigorous understanding of the factors that provide such perfor-
mance. A MD study by Tarokh et al.?%”l characterized the chain
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Figure 17. Aggregation phase diagram of Nafion in a) dispersions as a function of solvent dielectric media. Adapted with permission.?”l Copyright 2019,
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conformation and assembly, aggregate and ion-pair cluster
shape and size, as well as inter-cluster distances of dispersions
in solvents of varying € and solubility parameter. This gives rise
to variations in aggregate density and shape at specific € ranges,
as shown in Figure 17. For low ¢ solvents, hydrophobic-solvent
interactions with the ionomer backbone dominate. Further-
more, the stronger attractive electrostatic interactions between
SO;7/H3;0" ion pairs compared to the solvent-SO;~ promote
ionomer aggregation. This led to increased cross-linking and
strong multipole-multipole interactions between ion-pair clus-
ters forming aggregation of hydrophilic interiors and hydro-
phobic exteriors.?%8l These interactions weaken with an increase
in solvent polarity, such as with glycerol and formic acid,
(42.5 < £ < 51.1), which increases shielding of charges between
the ion-pairs. The balance of hydrophobic and hydrophilic
attractive forces increases the dispersion of backbones and
hydrophilic heads of the ionomer, which allows self-assembly
into solvent-swollen 2D aggregates. For high polarity solvents
(€ >79, such as water and formamide), the hydrophilic tail of
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the ionomer-solvent interactions are very strong and dominate.
Combined with enhanced hydrophobicity of the solvent, the
ionomer forms tightly packed elongated backbone aggregate
with non-clustered sulfonic acid groups protruding into the
solvent. The lamellar structure and tight aggregation formed
in the mid-high & solvents would likely provide more abrupt
phase separation for proton and water transport, but the study
provides no performance data. Previous solvent-dependent
performance studies attributed benefits of low polarity sol-
vents to gas transport in the large pores formed between larger
aggregates, 2 but this study suggests that in addition, the
less crystalline ionomer structure provides facile gas trans-
port. These fundamental studies are particularly imperative for
investigating CL components to minimize variable factors. Fur-
ther research is required to understand how significantly the
ionomer aggregate structure in the ink impacts the ionomer
distribution and performance in the dried CL.

The aggregate structures formed can have a significant effect
on performance and durability of the CL. Kim et al.l’® found
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that the use of glycerol as an ink solvent resulted in reduced
degradation of the CL under AST, in line with the aggregates
formed in solution. The large aggregates and inability to form
polymer entanglements in water—alcohol solvents produced an
electrode with numerous large-scale open cracks (>100 um)
and low mechanical strength. In contrast, aprotic polar
solvents, such as NMP and DMF, can solvate the polymer
backbone allowing polymer chain entanglements to give true
solution behavior, forming random-coil conformations with a
41 A radius of gyration.’*”) Owing to the better solvent com-
patibility, fewer Nafion molecules aggregate, and this struc-
ture is transferred to the cast membranes with smaller phase-
separated hydrophilic and hydrophobic domains.*'>262] The
highly solvated polymer chains in NMP thus produced a crack-
free, yet coarse microstructure in the CL. Polyhydric alcohols,
such as glycerol and ethylene glycol, cannot completely solvate
the polymer chain but, due to the number of alcohol groups,
can disperse the Nafion in the form of very small, well-defined,
cylindrical, rod-like structure with a radius of 22 A and length
of 150 A.2%! The small micelles combined with the slow evap-
oration of glycerol enabled polymer mobility to be retained
as the electrode dried, so that chain entanglements formed
to give an intermediate mechanical strength and dispersed
micro-cracks (<10 pm). It was found that once the mechanical
stability was sufficient, as is the case for NMP and glycerol,
other solvent factors determine CL degradation. Glycerol-cast
electrodes form a favorable side-chain—-Pt interface, leaving
ionomer free to reorient during long-term testing, achieving
better durability. In comparison, the strong solvation of both
side and main chain in NMP produces highly mixed chains
in the electrodes, and thus poor availability of side chains for
TPB formation during electrode restructuring, agreeing with
the “positive structural change” observed by Choi et al.'®’l The
exact nature of the interactions of ionomer with glycerol versus
NMP and how they result in differing dynamic ionomer—Pt
interactions are not clear from this study, and reinforce the
need for further fundamental investigation of these systems.

3.5.2. Binary Solvents

Binary solvents containing both alcohol and water are the most
common choice for catalyst ink preparation, due to their ease
of use, low cost, and minimal toxicity.'¥ The polar nature of
water leads to a strong tendency for the backbones to aggregate
via hydrophobic interactions,/?’%) whereas alcohols are consid-
ered to be moderate solvents for the fluorocarbon backbones.
While 1.2 — 2.6 nm rod-like aggregates have been observed in
pure water or pure ethanol,?’!l a combination of these solvents
is used to prevent the formation of inhomogeneous Nafion
films.?] The exact alcohol/water composition has a significant
influence on the size, shape, and dispersion of nano-aggregates
and their bundles. Park et al.?’%! found the distances between
aggregates to decrease from 25 nm in pure water to 20 nm
above 50 mol% IPA or ethanol and =17 nm in 10-50 mol%
IPA or ethanol. Water-methanol mixtures have been found
to contain spherical aggregates,”’2 in contrast to the rod-like
nanoaggregate in water-1-propanol mixtures.”’% Studies have
also shown alcohol-water solutions to exhibit nanophase
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segregation of solvent, which is driven by PFSA’s surfactant-
like hydrophilic/hydrophobic character.?72%% Despite the varia-
tion in the literature, consensus has built around the simplified
model of binary solvents exhibiting rod-like nano-aggregates,
on the order of 50 nm,?”%l in which the non-polar backbones
constitute the core of the aggregates while the anionic groups
sit at the aggregate—solvent interface.*”3-27°]

The alcohol fraction in the solvent and the ionomer con-
centration heavily influence the size of the ionomer bun-
dles and thus have a significant effect on CL performance.
Mabuchi et al.?4 reported that higher ionomer concentration
caused the number of Nafion chains in the aggregate and the
aggregate size to increase, as shown in Figure 18. The effect of
solvent ratio on aggregate size was also dependent on ionomer
concentration, due to competing effects of dielectric constant
and hydronium ion distribution. At ionomer concentrations
below 5 wt% (common in CL fabrication), most of the hydro-
nium ions are dispersed and repulsive interactions among
the negatively charged sulfonate groups are dominant. In a
high water content, poorly solvated backbones and side chain
repulsion induce larger aggregates with side chains externally
orientated to avoid interaction. On the other hand, increasing
alcohol content with greater ability to solvate backbones disfa-
vors aggregation, resulting in increased dispersion of smaller
primary aggregates. In contrast to this dielectric constant effect,
at high ionomer concentration (275 wt%), hydronium ions are
strongly localized with the anionic groups and thus reduce the
electrostatic repulsion between sulfonate groups. This favors
aggregation and leads to significant aggregate expansion at
high alcohol content. While catalyst inks are rarely composed
of such high ionomer concentrations, it is worth considering
the effect of ionomer concentration on molecular arrange-
ment, as solvent evaporation during the drying process leads to
gradual ionomer concentration increase. Ngo et al.?’®! carried
out an experimental investigation into the effect of increasing
alcohol content from 20 — 100 wt%, which decreased the
solubility parameter £ from 677 to 19.9 with increased alcohol
content in water-IPA and water-methanol inks. Correlating
performance with understanding from Mabuchi et al.,** the
more dispersed, smaller ionomer aggregates formed in higher
alcohol (lower &) concentrations had a detrimental effect on
the CL. This suggests that the smaller aggregates with greater
surface density had greater drive to assemble on the catalyst
surface in addition to the carbon support, which was preferen-
tially coated by low alcohol fraction dispersions due to greater
interaction energy as found by Andersen et al.’>762%] This led
to greater coverage of the active Pt and decreased ECSA. Tightly
packed smaller aggregates led to greater compaction of the total
CL impeding micro-void formation and thus gas transport,
increasing charge transfer resistance. Overall, these resulted in
decreased cell power density, as seen in Figure 18. Methanol-
water solvent mixtures with greater £ compared to IPA-water
across the molar fractions investigated had increased aggregate
sizes and thus improved performance for the same reasons.

As ionomers contain charged segments, electrostatic inter-
actions between sulfonic acid ion-pairs have an additional
impact on aggregation and can occur due to suspension pH
and ionomer counter-ion. Changes to water—alcohol com-
position alter the suspension pH which impacts aggregate
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Figure 18. a) Snapshots of the cylindrical self-assembled ionomer aggregates at various ionomer concentrations and NPA/water fractions. Adapted
with permission.l?4 Copyright 2020, American Chemical Society. b) Field emission SEM micrographs of the PtC/Nafion layer on the surface of GDL.
Carbon powder particles of diameters 60-80 nm are visible, but the bright spots from Pt particles with sizes <5 nm are covered in greater ionomer
quantity at higher IPA fraction (i-iii). c) Pt electrochemical active surface area obtained by CV, d) fuel cell test maximum power density, and e) CL
impedance cathode charge transfer resistance for CL fabricated from different water-IPA or water—methanol ratios. Adapted with permission.[2’¢l

Copyright 2013, Elsevier.

conformation, with increasing influence as ionomer concen-
tration decreases.”””] Decreasing water content causes pH to
decrease, with less hydronium ions, which reduces the magni-
tude of electrostatic interactions. This increases the favorability
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of side chains to extend into the solvent, reducing particle
aggregation and favoring linear conformation, compared to
highly aggregated and internally packed side chains in higher
pH solvent systems. Ink pH should thus be considered when
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Figure 19. Schematics of Nafion ionomers on the catalyst surfaces. A) Distribution of conventional ionomers synthesized by emulsion polymerization.
B) Distribution of the laboratory-made ionomers synthesized by SCF process. Enlarged conceptual diagram showing the distribution of both conventional
and prepared ionomer on the Pt/C catalyst surface. The SCF process contributes to the formation of nanodispersed Nafion ionomer, leading to improved
electrochemical performance and durability. Reproduced with permissions.?2% Copyright 2020, The Authors.

directing the morphology and size of the ionomer aggregates
present in the ink. Vast pH change with ionomer concentra-
tion and counter-ion may rationalize the conflicting work that
proposes differing structures for binary solutions.[267:269.273-273]
Addition of salt (such as NaCl) to give cation-form Nafion dis-
persions has been shown to increase aggregate size and domain
size in cast films.?#?8] The increasing tendency to form intra-
and inter-chain associations with increasing ion valency cation
size, polarity, and hydrophobicity have been shown to tune
self-assembly thermodynamics of PFSA copolymers to control
membrane morphology and transport properties.l”””) Based on
the globular, phase-separated model of binary solvents, the Na*
form of Nafion has been found to possess fewer dispersed back-
bones and a less swollen structure.l?2%l These stronger attrac-
tive electrostatic interactions within and between ion-pair clus-
ters result in larger ionic clusters. The localization of salts near
sulfonate groups reduces electrostatic repulsion enhancing
aggregation, and thus the number of ionomer chains in the
aggregates increases with salt concentration. At low salt con-
centrations (<0.1 M), ionomer aggregates remain cylindrical for
all alcohol fractions, but at 1 M, aggregates increase in size and
change shape. Due to the lack of repulsive sulfonate interac-
tions in Na' form Nafion, the effect of water—alcohol fraction
differs from H* form Nafion. The formation of a large aggre-
gate with a single disk-like shape was observed at <50 wt%
alcohol, while a large secondary-like aggregate was formed by
multiple cylindrical aggregates bundled together at 80 wt%
alcohol.?4l

Recent studies have used novel water—alcohol solvent systems
to attain high-performance CLs. Ahn et al.?8%l demonstrated the
use of a supercritical IPA-water mixture with enhanced solva-
tion strength to produce improved Nafion dispersion for a
highly durable CL. This solvent reduced the entanglement of
the polymer chains into particles below 100 nm, which then
rearranged into smaller particles in the CL, providing a denser
structure with greater crystalline content that had higher
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mechanical toughness, chemical resistance, and proton con-
ductivity. In addition, as in polar aprotic solvents,?8!l the small
colloidal PFSA particles easily assemble in the primary pores
inside the catalyst support, providing a desirable TPB and well-
developed secondary pores, that allow good mass transport as
shown in Figure 19. Doo et al.’¥] reported a method to reduce
ionomer aggregate size (hydrodynamic diameter) by adding
dipropylene glycol (DPG) to the solvent system, with correla-
tive structural changes to the ionomer film. Smaller aggregates
formed due to a greater DPG-ionomer affinity, with hydro-
phobic backbones being predominantly stabilized by DPG
molecules.?82l The addition of DPG was observed via scanning
electron microscopy (SEM) to produce a thinner, more homoge-
neous layer due to facile compaction of the smaller aggregates,
which also reduced porosity. While the optimal DPG loading
was dependant on operational RH, a 50:50 DPG-water mix con-
sistently exhibited the greatest performance as a result of highly
connected ionomer networks and porosity retention balancing
proton and gas transport.

The studies mentioned highlight the significant effect of
solvent properties, including dielectric constant, boiling point,
pH, concentration, and hydrogen bonding capacity, as well as
ionomer counter ion, on the size and shape of ionomer aggre-
gates. This in turn has significant implication on the way an
ionomer coats the catalyst particles and penetrates catalyst
aggregates. This multitudinous combination of factors thus
determines the surface and internal structure, durability, gas
penetration, and mass transport within prepared CLs. While
specific case conclusions can be proposed, such as larger aggre-
gate size in binary solvents providing better initial performance,
while smaller aggregates in NMP provide prolonged durability,
the combination of numerous parameters requires a case-by-
case solvent selection. A number of competing factors therefore
result in CLs with heterogeneous structures and non-uniform
particle size, distribution, and geometry. Moreover, a lack of
consistency in experimental parameters have led to differing
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results, and therefore, this section is designed primarily to
highlight the factors that must be considered when fabricating
a CL.1201]

3.6. PtC-lonomer Aggregate Structure

Addition of ionomer to catalyst-solvent mixtures leads to
increased particle surface charge, increasing the electrostatic
repulsion between catalyst particles, thereby stabilizing the
ink.283] A combination of interactions in the solvent/ionomer/
catalyst ink determines the adsorption of ionomer on the cata-
lyst and surface of the support material. This in turn governs
the extent of ionomer coverage of catalyst particles and cata-
lyst particle aggregation, providing the resultant structure with
interspersing and covering “shell” ionomer. This self-assembly
depends on the prior Nafion aggregates formed in solution.
This formation can also be affected by mixing time and con-
centration of the Nafion solution, with reduced mixing times
and concentrations providing thinner Nafion shells.'*? In addi-
tion to being a major cause of crack formation in the CL, the
presence of free ionomer inhibits gas transport, durability, and
control of CL structure.

As PtC-Nafion agglomerates start to form with a Nafion
covering layer, the solvent-Nafion interaction becomes more
deterministic in the wettability of the agglomerates than the
solvent—catalyst interactions. Diverse chemical properties
lead to ionomer-support and ionomer-catalyst interactions of
different strengths, and thus agglomerates exhibit different
ionomer morphology and coverage depending on active catalyst
and support. In a series of publications, Andersen et al.”>76:24
studied the self-assembly, orientation, and strength of the
PtC/ionomer interactions with ’F NMR. When deposited in
a low concentration Nafion solution, primary adsorption onto
the surface of the substrate followed a Langmuir isotherm
and reached equilibrium, attributed to adsorption of ionomer
film on the outer surface. At high ionomer concentration,
secondary adsorption occurred, attributed to either ionomer
adsorption to internal pores or rearrangement of the primary
outer layer. The transition from the primary to the secondary
adsorption was influenced by pore volume content. Greater
pore volume (Ketjenblack > Shawinigan Black > Vulcan XC 72)
resulted in a lower surface coverage before the secondary
adsorption (to the internal pores) was activated. This suggests
ionomer coverage of the total substrate surface is reduced
by greater support porosity, which could provide a route to
designed ionomer shell thickness. It was found that only a
portion of the Nafion chain was in contact with the support,
with the rest orienting itself away from the surface. Although
the adsorption processes occurred simultaneously to both the
carbon and noble metal catalyst components, the interaction
was stronger between Nafion and carbon than between Nafion
and catalyst. Furthermore, the introduction of Pt led to higher
ionomer surface coverage reportedly due to surface roughness
and porosity differences. In addition, the adsorption of Nafion
onto the surface was found to correlate to the surface oxygen
content of the substrate interacting with the hydrophilic tail,
in agreement with thin layer NR and X-ray photoelectron spec-
troscopy (XPS) investigations.[?1>284285 WWhile this method
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provided insight into Nafion distribution on different supports,
it did not measure the in situ ionomer distribution in the
CL, but rather the relevant strength and coverage of surface
adsorption. It is key to also investigate the complex interplay of
substrate, deposition, and confinement effects that govern the
chemical and mechanical properties of Nafion in situ under
fuel cell testing conditions.

The highly solvated ionomer backbone and side-chain
enhance hydrophilic and hydrophobic phase separation and
lead to well-separated and closely connected hydrophilic
domains increasing the water percolation.?8®l As shown in
Figure 20, Kim et al.?®! found that the main- and side-chain
mobility of ionomer aggregates in the solvent heavily influ-
enced their assembly onto the catalyst support, affecting
ECSA and proton-conduction pathways, respectively. Nafion
ionomers dispersed in solvents with low main-chain mobility
(e.g. glycerol and IPA) distributed preferentially on the surface
of PtC agglomerates, rather than permeating into the interior,
resulting in a thick Nafion layer covering agglomerates, which
develops a highly aggregated phase morphology with long dif-
fusion paths for protons and gases. In contrast, NMP, which
provides high main chain mobility, provided cast CLs with the
highest ECSA, attributed to effective penetration of ionomer
into support pores connecting internal Pt and minimizing cov-
ering shell for efficient utilization of external Pt particles.?81]
Solvents that provide low side-chain mobility (e.g., glycerol)
led to Nafion coating with an increased number of acid sites
assembled into ion clusters. Thus, while the thick covering
Nafion layer increases the diffusion pathway and is detrimental
for solvents with high side chain mobility, the phase separation
provides enhanced proton conducting capability.?®”] Therefore,
CLs prepared from glycerol achieved the highest performance
at the low and intermediate current region, due to the lowest
charge-transfer resistance, indicating an efficient proton-
conduction network. Solvents with low main and high side-
chain mobility, such as IPA, had the poorest performance, due
to both reduced Nafion aggregate penetration reducing ECSA
and reduced number of ion clustering acid sites producing a
thickly covering Nafion layer with poor proton conductivity.
This study details the benefits and drawbacks of having densely
packed fine agglomerates with thin, well-covered ionomer,
compared to more phase segregated morphology of larger
agglomerates with greater proton-conducting capability. This
demonstrates the competing processes that must be considered
in an optimized CL.

3.7. Optimal lonomer Content and Advanced Characterization

It is often assumed that the ionomer coating is evenly dis-
tributed across the carbon support and catalyst surface.l??
However, a variety of techniques have been used to show that
the ionomer distribution is highly dependent on the cata-
lyst properties, quantity of ionomer deposited, the deposi-
tion method, the material it is deposited onto, and how it is
treated.[?853:5248.253] The target ionomer incorporation should
provide sufficient ionomer percolation into and between cata-
lyst aggregates for proton conduction, while retaining sufficient
void space for unimpeded gas transport and a stable structure.
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Figure 20. lllustration of greater Nafion aggregate mobility providing a thinner, more homogenous, morphology of ionomer films on PtC agglomerates
resulting in improved reactant access and transport, in comparison to lower aggregate mobility. Reproduced with permission.2®!l Copyright 2019, Elsevier.

High Nafion mobility

The optimal Nafion content in conventional PtC CLs has
commonly been demonstrated on MEAs by use of ECSA, cur-
rent density analysis, and EIS, to be roughly 33 wt% (ionomer
to carbon ratio. (I/C. = 0.5).572%] This quantity avoids issues of
poor electrical conductivity at high wt% and poor proton con-
ductivity at low wt%. The use of an I/C above 0.5 causes the pore
volume to decrease significantly, with the number of large pores
found to particularly decrease.l?®® Martin et al.?8” found that as
Pt loadings decreased from 0.1 to 0.05 and 0.025 mgp, cm~2, the
optimal ionomer loading increased from 30 to 40 and 50 wt%,
respectively. However, at 0.0125 mgp, cm2, the performance
did not vary significantly with Nafion content, suggesting the
Pt content was now the performance-limiting component. The
ionomer loading not only affects the mass transport within the
CL by changing the quantity of ionomer, but also how the sup-
port particles interact and deposit.

33 wt% ionomer has not been shown to be optimal for all
carbon supports because of differences in carbon surface areas
that accommodate differing quantities of covering and inter-
penetrating ionomer.>>! Lee et al.?> reported the optimal com-
position to change slightly depending on carbon and solvent,
due to the specific interactions in the ink influencing struc-
tural composition. For electrodes with the same I/C ratio, an
amorphous carbon support exhibited a larger mean pore size,
porosity, effective oxygen diftusivity, and smaller tortuosity, after
co-deposition with ionomer, despite the PSD and porosities of
the starting carbon particles being very similar. This dramatic
difference in the electrode tortuosity indicated that the ionomer
distributes more uniformly on amorphous versus graphitized
carbon due to more consistent functional group distribution.
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Furthermore, the ionomer ratio must be specifically adjusted
for each catalyst support/ionomer couple, or novel catalyst
with a different arrangement of active sites and surface group
hydrophilicity to achieve optimum performance.>? Extensive
investigation is required for each unique system to optimize
ionomer loading.

Advanced characterization techniques are useful in
achieving this optimization, especially when new catalyst
materials and supports are used. Transmission electron
microscopy (TEM) imaging is a key technique that has been
used to investigate the ionomer distribution, with ionomer
thickness estimated from observing the edges of carbon
agglomerates in the micrographs.*#2°1 Despite the high-
resolution nature of TEM, these boundaries can be some-
what difficult to resolve reliably, which raises questions about
the accuracy of these measurements. Furthermore, sample
deposition of small agglomerates onto a TEM gid may disrupt
the ionomer distribution and the ultra-high vacuum experi-
mental conditions are far from representative of operational
fuel cells. Despite these drawbacks, TEM can contribute to the
growing understanding of ionomer configuration within CLs.
Lopez-Haro et al.?> used high-angle annular dark field scan-
ning TEM (HAADF-STEM) to obtain nanoscale 3D images
of ionomer (Cs* form) distribution on CB. This analysis
provided greater comprehension of the ionomer structures
formed on aggregates at optimal ratios, as shown in Figure 21.
Low ionomer CB ratio (I/C = 0.2) exhibited partial ionomer
coverage (50%) that was predicted to provide poor proton con-
ductivity. At higher ionomer-CB ratio (I/C = 0.5), the Nafion
layer formed with comparable thickness, and higher coverage
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Figure 21. a) Rendered volume of the HAADF-STEM-reconstructed tomograms of Nafion-CB samples with ratios 0.5 and 0.2 w/w. The blue and grey
regions correspond to the Cs*-stained Nafion and CB support, respectively. Adapted with permission.?>!l Copyright 2014, Springer Nature. b) Schematic
depiction of the variation of Nafion film thickness within the CL, showing the how thickness affects proton conduction and gas diffusion through the

film. Adapted with permission." Copyright 2010, Elsevier.

(80%). Increasing ionomer loading further to reach 100% cov-
erage instead results in thicker layers and thus increased dis-
tances between catalyst agglomerates and diminishing returns
to mass transport in the CL.

Another common method for characterizing ionomer dis-
tribution is atomic force microscopy (AFM), which is used to
provide high-resolution surface topography. The use of AFM
adhesion force, Young’s modulus, and conduction mapping
of cross sectional CL samples were successfully implemented
by Morawietz et al.?®!l to obtain the surface morphology of
ionomer and carbon aggregates and inferred bulk morphology
near to operational humidity and temperature. PtC-ionomer
aggregates exhibited a linear size dependence from 60-100 nm,
with Pt loading from 0.05-0.4 mgp, cm~2. High-resolution map-
ping at 25% RH showed encapsulated agglomerates joined by
=14 nm thick ionomer layers, constituted of separate layers
equivalent to the lamellar structures described previously,
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shown in Figure 22.2%1 A broad, asymmetric distribution of
ionomer layer thicknesses from 4-22 nm was observed in the
CL sample at 50-60% RH and 25 °C. This corroborated thin-
film investigations stating 4 nm to be the thinnest possible
layer, likely due to the molecular dimensions and conforma-
tions of PFSA ionomers.['*Z] Total ionomer area of the sample
decreased from 50% to 27%, with RH decrease from 60% to
30% due to domain shrinkage. As well as demonstrating large
structural rearrangement with RH, this emphasized the signifi-
cant difference in morphology for conditions commonly inves-
tigated and those present in operational fuel cells.

X-ray computed tomography (CT) is a widely used tech-
nique for 3D imaging of samples across multiple length scales.
The technique is nondestructive, meaning the internal mor-
phology of a sample can be investigated without deconstruc-
tion/destruction of the sample. Komini Babu et al.?%? reported
the use of simulations and 3D X-ray CT to model Nafion
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Figure 22. AFM investigation of CL cross-section at 25 °C, a) Adhesion force map at 30-40% RH, with Pt-rich area appearing darker. b) Relative fre-
quency of the ionomer layer thickness of three types of anode at 50-60% RH (red bars = Nafion ionomer and 0.2 mgp, cm~?; black bars = Aquivion
ionomer and 0.05 mgp, cm~2; blue bars = Aquivion ionomer and 0.2 mgp, cm2). c) High-resolution adhesion mapping of commercial MEA anode
measured at 30-40% RH, with ionomer marked blue and arrows marking positions of separated layers. d) Zoomed-in high-resolution adhesion map
of commercial MEA anode with two distinguishable layers around the PtC aggregates at 25% RH. e) Schematic depiction of ionomer-enclosed PtC
aggregates. Adapted with permission.?®!l Copyright 2016, American Chemical Society.

distribution in a 500 um CL sample. At the lowest Nafion
loading of 35 wt%, low activity was attributed to poor Nafion
infiltration into the catalyst particles and agglomeration on the
outside of the particles. In contrast, the highest level of Nafion
loading of 60 wt%, caused excess Nafion to build up as films of
100s of nm on the outside of the catalyst particles with greater
water retention, resulting in severe flooding and disappearance
of macroporosity for gas infiltration. This structural effect of
high ionomer concentration is well documented, with total
porosity and pore size deviation decreasing as ionomer content
increases.?”3l This loss of both primary and secondary pores
restricts Knudsen diffusion and gas transport through the CL,
limiting cell performance. Cetinbas et al.?*? reported high-
resolution X-ray CT of the CL, with ionomer distinguished
from carbon and Pt. The observation-based model of pore
distribution and shortest pore and solid pathways quantified
the microstructure effect on transport properties at differing
operational pressure and temperature. Local resistance at the
catalyst surface constituted a large part of the mass transport
resistance, but flooding of internal pores at 100% RH caused
a resistance equally as significant that, in general, became
the dominant mass transport limitation. Catalyst loading was
shown to impact mass transport through the electrode rough-
ness factor, as discussed in Section 3.4.12%]
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CL structure is an extremely complex arrangement, pro-
viding many experimental challenges in its elucidation. A
variety of techniques have been utilized to build a greater
understanding of the structures present at varying length scales
in differing conditions. This provides greater insight into the
phenomena occurring within the structures and can help direct
future directions for CL improvements. Further work should
build on these investigations and utilize new material charac-
terization developments to improve understanding of the mor-
phology in operando or at least in operational conditions, due
to the highly dynamic nature of the ionomer.

3.8. lonomer in CL Durability

Much effort has focused on optimizing the composition and
arrangement of CL components, but local environmental
changes such as hydration, temperature, and potential lead to
significant changes in the ionomer that must be considered
and mitigated to ensure durable and long-lasting fuel cells.?*4
Using NR, Wood et al.” showed that the long-range structure
and hydrophobicity of Nafion at the catalyst/ionomer interface
changes depending on Pt or PtO substrate. When the Pt metal
is oxidized to form PtO, the Nafion film becomes hydrophilic at
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the interface, attributed to side-chain interaction, and restruc-
tures over a long-range, pushing itself away from the PtO inter-
face.” In addition to the difference between hydrated PtO and
hydrophobic contacted Pt, different side-chain hydrogen bond
rearrangement occurs between Pt-H, Pt-O, and Pt-OH in the
anode and cathode, even though all form a hydrated inter-
face.?”! In the reducing environment at the anode, dissociated
atomic hydrogen forms on the Pt surface, whereas exposure
to oxygen at the cathode oxidizes the Pt surface. Adsorbed
hydrogen provides a hydrophilic, but nonpolar, interface that
forms hydrogen bonds with water in a similar manner to the
sulfonate hydrogen bonds. In comparison, negatively charged
oxygen groups on PtO are less hydrophilic but induce strong
polar electrostatic interactions between hydronium ions in
the hydrated interface and ionomer sulfonic acid groups. This
restructuring of the ionomer can result in changes to packing
density and WU to the bulk, as observed in aged samples that
exhibited irreversible swelling with a resulting WU increase.
Repeated rearrangement of ionomer at the surface, due to elec-
trochemical environment, humidity, and temperature leaves
the ionomer vulnerable to delamination and degradation in
the electrode. In addition, transport of protons and gases must
occur and be understood in a continually changing ionomer
morphology as the Pt surface changes from Pt to Pt-O to
Pt-OH during electrocatalysis.

Bulk CL degradation has been proposed by Yin et al.? to
follow three typical phenomena: crack generation, the exten-
sion of existing cracks, and interaction of cracks. These micro-
structural changes were found to relate to ionomer aggregation
and migration. Upon WU, ionomer swelling induces viscoe-
lastic strain. Due to heterogeneous ionomer incorporation and
film thickness, swelling and strain vary at different locations
contributing to bulk tears and cracking. The observed structural
changes correlate with increasing resistance due to a decrease
in TPB caused by ionomer migration. Therefore, the durability
of the overall CL can be tuned by reducing nanoscale dynamic
changes of the ionomer within. Degradation is not only induced
by changes to the ionomer, but other dynamic process occur-
ring in the CL. Jomori et al.?*] observed the same high resist-
ance, commonly presented in fuel cells with low Pt loadings, in
standard fuel cells after ECSA decrease due to cycling-induced
degradation. The agglomeration of Pt particles decreases ECSA
and would be expected to cause higher O, transport resistance
in the same manner as reducing Pt loading. This effect is more
extreme under low humidity conditions, suggesting further
mechanisms of ionomer change were occurring.?””) lonomer
sulfonic acid group adsorption to the Pt surface reduces the
number of electrochemically active Pt sites, and the ionomer
backbone forming a continuous layer can prohibit oxygen trans-
port.[012352%] High WU in high RH conditions is suspected to
mitigate Pt poisoning as the degree of sulfonic acid adsorption
decreases with increased interfacial water.?%! While hydration
fluctuations are the key parameter causing ionomer migration,
temperature has a significant impact on hydration and subse-
quently structural deterioration.?*?l AFM investigation of a CL
cross-section showed an average doubling of inter-agglomerate
ionomer layer thickness with increasing temperature from
25 to 75 °C at 30-40% RH.?!l This is expected based on WU
and swelling increasing at higher temperatures. After cooling
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back to 25 °C, layer thickness remained =25% greater than
initial thickness, due to residual irreversible extension force. In
contrast, MEAs operated for 235 h exhibited ionomer layer thin-
ning, due to low RH effects, with anode samples and thicker
initial layers demonstrating greater degradation. This increased
degradation from radical attack is due to the anode being more
poorly hydrated. Therefore, maintaining optimum hydration
during prolonged use is key to improving MEA durability and
thus improved water management by system engineering to
material advances is critical.

Prolonged usage of an MEA results in the formation of an
ionomer structure that inhibits overall device performance.
Thermal annealing above the glass transition temperature is
commonly adopted to improve the mechanical and functional
properties of Nafion.’® By annealing below the ion hopping
transition (=100 °C), either sulfonic anhydride cross-linking
or physical hydrogen bond cross-linking leads to stiffening of
the film and enhancement of elastic modulus, which can coun-
teract the swelling and rearrangement upon high RH and tem-
perature.’%U A greater annealing temperature leads to a greater
extent of crosslinking and crystallization and thus increased
modulus and reduced WU and ion exchange capacity. Studying
annealing of thin films allows insight to changes that occur to
the ionomer within a CL during annealing. Paul et al.3%? found
that films of thickness varying from 30-200 nm showed the
same proportional modulus increase with thermal annealing
conditions, indicating that all ionomer within the CL receives
improved mechanical properties regardless of dimension. The
enhanced durability of a CL that has been exposed to thermal
treatments likely benefit from the increased mechanical proper-
ties that reduce ionomer migration, but also the reduced WU
and therefore swelling and flooding that leads to crack propaga-
tion. Thin-film Nafion samples exposed to high temperatures
had increased chain mobility and facilitated surface and bulk
reorganization. Surface energy was minimized by sulfonic
groups forming a hydrophobic skin to achieve thermodynamic
stability and led to impeded WU kinetics. Corresponding bulk
rearrangement formed static crystalline domains furthering
retardation to WU and higher activation energy to proton trans-
port. Upon exposure to liquid water, the sulfonic groups folded
back up to the film surface due to their affinity for water, and
bulk rearrangement induced lower proton conduction activa-
tion energy. Upon a subsequent second heat treatment, the
hydrophobic surface is regenerated, but proton conductivity
remained high. This emphasizes the effect of the conditioning
step on the electrode properties and is one of the mechanisms
by which it provides improved fuel cell performance. Moreover,
it suggests that heat treatment of the CL can provide ionomer
components with improved mechanical properties and stability,
whilst also retaining high proton conductivity. Further investi-
gation into the optimal balance between mechanical stability,
proton conductivity and WU will allow realization of durable
high performing CLs.

3.9. Non-Nafion lonomers

The ionomer has two distinct contrasting roles in an MEA. It
is required for high O, diffusion in its thin layer form within

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

Bulk-like

g

PFSA

www.advenergymat.de

%

-
2

3 33

ejjawel-ninp

4
il
-

PFIA

OPt OH,0 |PFSASide-chain 4 PFIA Side-chain 6 Backbone

Figure 23. Depiction of the near-interface structure, due to composition and length of sulfonic group terminating side chains, confined as thin films
(=15 nm) of PFSA and PFIA on Pt at 30 °C and 97% RH. Reproduced with permission.[?5% Copyright 2018, American Chemical Society.

the CL, and acts as a barrier to O, diffusion from the cathode to
the anode in the membrane.l?*>3031 PFSAs provides these con-
trasting properties due to the changes to its crystalline structure
when deposited as a thin film in the CL compared to bulk mor-
phology in the PEM.B%! However, in an optimized system, dif-
ferent ionomer chemistries should be tailored to fit the unique
requirements of the membrane and CL, while providing high
proton conductivity and durability in both.13%%!

Although Nafion is the industry standard for both PEM
and CL ionomer, a variety of ionomers with alternative back-
bone and side-chain compositions have been developed. Dif-
ferences in ionomer molecular architecture, that is, EW and
side-chain length, alter both interactions with substrate and
internal ionomer structure. The interfacial structure is affected
little by EW, whereas side chain length and chemistry have a
significant effect on the lamellae formed at interfaces, as shown
in Figure 23.°0] PFSA ionomers with a single sulfonate group
form a single interfacial layer on Pt under hydration, with water
layer thickness dependent on side-chain length. Alternative
side-chain chemistries, such as perfluoroimide acid ionomers
(PFIA) that contain multiple sulfonate groups, induce an inter-
facial layer at lower humidities. This is likely due to uncollapsed
voids created at the interface by the longer side chains bound to
Pt via the many sulfonate groups. This side-chain variation also
results in higher retention of water at the interface in hydrated
conditions producing a lamellae structure with thicker hydrated
layers. These differences in lamellae structure have a signifi-
cant impact on transport properties at the catalyst surface, as
detailed in Sections 3.2 and 3.4, and thus ionomer optimization
must consider these effects.

EW significantly affects WU properties, with low EW iono-
mers accommodating greater total water and thus exhibiting
greater total swelling. However, 1 is lower because the higher
density of sulfonic groups afford less space between domains to
accommodate water, and so water domain spacing decreases.?*4l
PFIA ionomers with longer side chains, comprising two acidic
sites to bind water, have higher total WU and A, due to more
SO;H groups and greater domain size and connectivity.3%!
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However, PFIA show lower mechanical stability, with a decrease
in free volume upon hydration due to compression of the
backbone that is induced via mechanical stress from WU.20
Despite the greater WU providing improved proton conduc-
tivity, the increased swelling and lamellae formation may have
a detrimental effect on the lifetime and stability of the ionomer
and CL, as discussed previously. Oxygen diffusion may simul-
taneously be facilitated by the route provided by increased WU
and be impeded by the loss of free volume. Therefore, ionomer
design has many varying impacts on electrode performance
and must be optimized to inhibit mass transport losses and
degradation. High EW ionomers with reduced phase segrega-
tion have observed improved proton conductivity and promoted
gas transport, leading to improved current density versus low
EW ionomers with greater phase separation.'®33%l This trade-
off is particularly important for ionomers in MEAs with low Pt
loading. In a similar manner, changing the PFSA copolymer
backbone structure was reported to form a less crystalline struc-
ture and benefitted from improved oxygen diffusion.3033%7]
Hydrocarbon-based ionomers have received extensive
interest, as both membrane and ionomer, due to their tunable
properties and lower synthetic cost.2%! One particular advan-
tage of non-fluorinated ionomers is reduced catalyst poisoning
due to formation of the degradation product, HF, when using
PFSA ionomers. Many sulfonated poly-aromatic ionomers
have been investigated for ionomer application, including
poly-(arylene ether sulfone),% poly-(ether ether ketone),1%!
and polyimide.B Current non-PFSA ionomers commonly
yield slower ORR kinetics, which translates to larger activation
polarization losses and poorer fuel cell performance. This is
due to a combination of factors related to decreased pore sizes
and decreased oxygen permeability. Unlike the side chains in
PFSAs, sulfonic acid groups are directly attached to the polymer
backbone, resulting in lower acidity, restricting the phase segre-
gation of hydrophilic and hydrophobic domains and providing
lower proton conductivity.?'?l Despite the benefit of low O,
crossover when used as electrolyte membrane, hydrocarbon
ionomers exhibit reduced O, transport through the CL, due
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to lower oxygen solubility in the non-fluorinated backbone.3%3!
Despite this poorer performance, it is of interest to use hydro-
carbon ionomer in the CL when a hydrocarbon PEM is used in
the MEA, due to a reduction in interfacial resistance.’™ More
efficient utilization of hydrocarbon ionomers is undergoing
exploration to fully benefit from their advantages over PFSA
ionomers. For example, Easton et al. found that adding PTFE
in combination with SPEEK ionomer to the CL, greatly aided
performance by enhancing hydrophobicity, which reduced elec-
trode flooding and increased pore diameter and oxygen perme-
ability, exceeding Nafion CL performance.3*l

3.10. Conclusion and Outlook

Fuel cell CLs are an intricate mix of components, with ionomer
acting as a binder and main proton conduction pathway. lonomer
structure must be comprehensively understood and optimized
to continue to improve PEFC technology. Reactant transport
within the catalyst aggregates is a complex, 3D process and the
ideal ionomer coating should have high and isotropic transport
properties. For example, O, diffusion resistance is one of the
main limiting factors in low Pt loading electrodes, and while it is
clear that the ionomer/catalyst interface can cause this enhanced
resistance, the role of other factors, such as incomplete ionomer
coverage and CL flooding is not as well understood. With greater
understanding, this O, diffusion resistance can be mitigated by
utilizing different ionomers, CL design, or ensuring the ionomer
thin film structure is deposited in such a morphology that can
facilitate O, transport. Despite the use of appropriate ratios to
optimize ionomer distribution, conventional fabrication proce-
dures will inevitably lead to inhomogeneous ionomer distribu-
tion.2 Furthermore, the ionomer can assemble on the Pt or
carbon surface as ionomer agglomerates, films of fluctuating
thickness, or be completely vacant, as depicted in Figure 21. As
the incorporation of the ionomer will be affected by many factors,
such as the support material and solvent, it is particularly hard to
quantitatively determine the optimal ratio. The variety of struc-
tures, swelling, and changes that ionomers undergo in response
to substrate and hydration will have a significant effect on elec-
trode performance. Regardless of film thickness, the interfacial
lamellae structure will influence short-range phenomena, such
as electrochemistry, by affecting charge transfer reactions and
adsorption of reactive species, whereas morphology and struc-
ture of water percolation in the “bulk” ionomer phase will impact
the long-range transport of protons, O,, or H, from gas phase
through the ionomer to the active sites. Thick ionomer layers
(>10 nm) provide facile proton conduction but poor gas diffusion,
while bare Pt exhibits hindered proton transport, although it is
facilitated by water and effective gas transport. An ultrathin layer
(<10 nm) will likely provide the ideal transport scenario. Further
detailed investigation of the ionomer structures present in the
CL under different conditions are required to achieve optimiza-
tion and subsequently significantly greater fuel cell performance.

A combination of techniques have shown that thin and
consistent layers of ionomer (5-10 nm) covering catalyst par-
ticles and agglomerates, as well as some form of penetration
into the aggregate, is desired, with thicker ionomer layers and
inhomogeneous distribution impeding fuel cell performance.
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To achieve this, the mechanics of ionomer distribution and
deposition have been explored. Highly solvating solvents that
induce well-dispersed aggregates of phase-separated ionomer
are required to form contiguous proton-conducting networks
adsorbed favorably to the catalyst support surface and internal
porosity in the correct orientation. The catalyst ink ratio must
be selected to ensure sufficient, but not excessive, ionomer
coating and interconnection between catalyst aggregates
and adequate time must be allowed for the ionomer to self-
assemble on the particle surfaces during mixing. Maintaining
this ideal structural composition over extended operation with
changing humidity, temperature, and potential is a key step in
the adoption of fuel cell technology. The current methodology
has employed thermal treatment and appropriate combination
of the above parameters, as well as using new solvent systems
to achieve stable electrodes with long-lasting performance.
Further fabrication parameters such as deposition method,
Pt loading, and total CL thickness have a significant effect
on the way in which ionomer permeates into the CL. These
require further exploration to obtain optimized procedures for
high-performing commercially viable devices.3'!

The majority of ink dispersion and ideal thin film studies (both
experimental and computational) are carried out at room tem-
perature. The molecular structure of the inks and organization
of the polymer framework likely differ in the conditions present
during CL fabrication (solvent removal) and fuel cell operation
(=80 °C). Similarly, microscopy investigations are commonly car-
ried out under vacuum and are therefore not representative of
the structures in an operating device under humidification. In
addition, samples used for microscopy techniques are taken as
small “sections” of the initial electrode, giving information that is
unlikely representative of the true ionomer structure in the elec-
trode.®! To better understand these material properties in opet-
ating conditions, similar investigations, such as X-ray CT and
electron microscopy, with adapted methodology must be carried
out in situ or under environmental control. Moreover, techniques
that are inherently more accommodating to high temperature
and humidity, such as AFM, GISAXS, NR, and ellipsometry,
should be utilized. High-speed AFM (HS-AFM) is one particular
area that could provide more representative information of the
surface by covering a greater and more representative sample
size, as well as observing rapid surface changes upon tempera-
ture and RH change.’®! SANS and SAXS studies that can pro-
vide nanoscale understanding of the average structure have elu-
cidated many morphological properties of catalyst inks and over-
come issues of microscopy techniques. These same scattering
techniques should be applied to the CL to understand the intri-
cate morphology and interactions of ionomer and catalyst as a
cast electrode in operation. As reiterated throughout this section,
there are many factors that lead to different morphologies and
dynamics within the CL. To ensure fair comparison and correct
conclusion of the determining factors in CL performance, experi-
mental studies should include a complete record of preparation
parameters. At a minimum, the following should be included in
the discussion: dielectric constant, boiling point, pH and concen-
tration of solvent, and mixing time and PtC species (hydropho-
bicity) in the ink, ideally limiting these variables independently.

Through this increased understanding, many routes to
optimized CL performance, via favorable ionomer interaction
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leading to optimized distribution, are conceivable. For example,
non-carbon catalyst supports (e.g., Nb-SnO,) have shown
potential to overcome the issues of insufficient ionomer
coating, and may help alleviate the limitations of low Pt loading
electrodes.?>3 Novel material approaches can benefit from the
in-depth understanding of ionomer interactions and assembly,
as well as a vast material library to choose specifically tuned
supports/additives. This also highlights the important role of
research into ionomer interactions that could lead to improved
fuel cells.”®! Theoretical modeling and use of first principles
must be further utilized to obtain greater understanding of
interfacial reactions and charge transfer, as well as a funda-
mental understanding of the interplay between the many spe-
cies in contact.’V318 This theoretical understanding will pro-
vide support to experimental insight into optimal ionomer
distribution and covering, especially as new materials are
integrated.

4. Catalyst Layer Structure

4.1. Introduction

The ideal CL structure is an optimized balance between elec-
trical conductivity, proton conductivity, gaseous reactant trans-
port, and catalyst accessibility. This requires conductive support
particles with close contact with ionomer; and is best achieved
by forming dense, low-porosity electrodes. However, to facilitate
gas transport and to aid water management, a high porosity and
balanced PSD is needed, which encourages the use of highly
porous morphologies. Achieving and optimizing this balance
is key to high performing CLs. For commercial PtC-based
CLs, this optimization has mostly been achieved, resulting in
their leading performance. However, given sufficient optimi-
zation, other novel materials may achieve the same, or better,
performance. Novel support materials such as metal oxides,
graphene, or functionalized carbon supports have been widely
proposed to promote aspects of the CL design, such as ionomer
distribution and corrosion resistance.’4178,324186.225,253,319-323]
The thickness and distribution of the Nafion film is dependent
on the substrate surface composition and chemistry.”9193212]
Hence, functionalization of the support material has the poten-
tial to alter ionomer distribution on the surface affecting the
morphology of the resulting CL and improving electrode per-
formance.’>7#7>13] The structure of support materials affects
CL morphology; for example, graphene-based CLs typically
form re-stacked layers oriented in-plane with the membrane,
which introduces limitations on the mass transport of pro-
tons and gases.’?>3%0 The typical solution to this morpholog-
ical issue is to add different shaped carbon supports to act as
spacers; however, in the case of graphene, this obviates the ini-
tial benefits. It is therefore important to understand the conse-
quences of morphology on CL performance, in order to develop
optimized design criteria. Furthermore, CL design from Nafion
distribution to ink formulations is based on historic protocols
used for small porous carbon nanospheres. However, these pro-
tocols may not be ideal for many novel supports, which may
require different structures and support-solvent interactions for
high-performance CLs.l”8 Understanding the role that support
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materials and CL morphology have on performance is key to
moving from a trial and error-based optimization to an efficient
rational approach to electrode engineering of novel materials.

CL components and structural durability are key design ele-
ments that need to be considered.??”:328] There are many degra-
dation mechanisms that lead to MEA performance loss during
cycling, including carbon corrosion, Pt catalyst loss, and elec-
trode thinning. Carbon corrosion is the loss of support material
leading to catalyst, ionomer, and conductivity losses and is typi-
cally more severe in the cathode compared to the anode.4632]
It is a consequence of the electrode environment and the
nature of the support material, and in principle can be man-
aged by surface functionalization,®33% choice of support mate-
rial,74178186,225,322-324329] o1 yse of hydrophobic binders.[31332
Catalyst loss is typically either driven by the aggregation or
migration of the Pt catalyst, causing a loss of ECSA. It can
also be impacted by surface functionalization,!%:333-338 support
material, 1253333339 and porosity.”78180] Electrode thinning is
often independent of carbon corrosion and leads to a loss of
porosity which in turns impacts Pt accessibility and O, diffu-
sion resistance.>3*] For example, Pokhrel et al.>*! reported
>50% reduction in performance during a carbon corrosion-
specific AST and a change in porosity from 0.54% to 0.23%
from the beginning-of-life (BoL) to end-of-life (EoL). Electrode
thinning has been reported as being dependent on the struc-
ture and morphology of the CL.15%32034] Al these degradation
mechanics are highly dependent on the chemical nature of the
support material and its surface functionalization. Tuning these
surface groups or exploring the potential of new support mate-
rials such as metal oxides will allow for significantly longer-
lasting fuel cells.

CL morphology and support chemistry (including surface
functionalization) have an impact on other features of fuel cell
operation too, particularly water management. Water manage-
ment is not only an issue of CL flooding at high current den-
sities but is also relevant to thinner electrodes and durability,
particularly carbon corrosion. Thinner electrodes or those with
a collapsed pore structure will not transport water as effectively
through the layers of the MEA.[®)

It has been reported that the effects of carbon corrosion can
be mitigated by adapting the fabrication method,32%3*!] via elec-
trode morphology improvements. Understanding the interac-
tions between support materials, morphology, and corrosion
mechanics may lead to significant improvements in device life-
times without changing the fundamental materials.[2034 Cur-
rent research into the performance and durability implications
of nanostructured CLs is limited, but shows great potential.
The following sections provide a detailed discussion of dif-
ferent elements of CL structure and their influence on fuel cell
performance.

4.2. Pore Distribution and Utilization

As described in Section 1.3, pores are the void spaces within
and in between the solid-phase components of a fuel cell and
they are a key requirement for an efficient CL, as it is via these
empty channels that the reactant gases reach the catalyst sur-
face. They also play an important role in water management,
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Figure 24. Schematic image of pore of CB aggregate and CL. Reproduced with permission.l% Copyright 2019, Elsevier.

both removing excess water from the ORR reaction and main-
taining hydrated membranes and ionomers.3*3%] Tradi-
tionally support particles are spherical and agglomerate into
clusters (aggregates) separated by empty space or ionomer.
The pores are the void space within each particle, between
each particle in the cluster and the void space between each
cluster, as shown in Figure 24. The synthesis method and pre-
treatment techniques of the support material help define the
porosity.3#

The terminology used to define the nature of porous mate-
rials follows from a technical report by Rouquerol et al.>*! Pore
size is defined as the distance between two opposite walls of a
pore. Porosity is the ratio of total pore volume as a proportion
of the apparent total volume, typically expressed as a percentage
or fraction.?*! Different sized pores are categorized into dif-
ferent broad definitions. Micropores are voids with a pore size
smaller than 2 nm; they are typically due to channels in the
interior of a particle.”>! Mesopores are pores between 2 and
50 nm, which can be due to larger channels within a particle
or by the void space between particles.[63113255] Macropores are
pores larger than 50 nm and are typically the voids between dif-
ferent particles or clusters.3*3*8 Macropores have been referred
to as O, diffusion highways as they are generally regarded as
being key to low-tortuous gas diffusion, particularly in thicker
CLs.3*l In some publications, pores are defined as either pri-
mary or secondary, with primary being between 6 and 20 nm
and secondary pores between 20 and 100 nm.[?>! 1t is widely
considered that pores smaller than 20 nm do not have interiors
coated with ionomer, although this has not been thoroughly
determined or investigated. This likely stems from the
constrained morphology formed at low dimensions being unfa-
vorable versus ionomer deposition outside of the pore, and cor-
roborates thin film studies of a “minimum” possible thickness
due to phase separation.?>! Closed or isolated pores are pores
that are completely enclosed by the support and therefore cannot
be accessed by fluids or gases. Catalysts in closed pores will not
Dbe electrochemically active, even if they are electrically connected,
although the pores themselves will still affect the overall CL
structure/density.3*! A perfect electrode structure would contain
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no closed pores, as these only serve to increase electrode thick-
ness and reduce catalyst utilization. Macro-scale heterogeneous
structures, particularly large isolated pores, have been suggested
to be one of the key limitations of the CL, along with the mor-
phology of the ionomer adhesion.’*! They have been reported
to typically reduce Pt utilization by 25-30% in PtC electrodes.3>
Typically, carbon supports are categorized into two broad
definitions: solid carbons that possess low surface area and
low microporosity, namely low surface area carbons (LSAC),
and high surface area carbons (HSAC), which have high sur-
face areas and a large number of micropores within each par-
ticle.[646971.324351] Ketjenblack is a prime example of an HSACs
with a surface are of 900 m? g~!, mostly due to the presence of
micropores through the carbon particles.>®! Vulcan carbon is
a classic example of a solid carbon or graphitized carbon black
(GCB), which possesses a lower surface area (220 m? g™).163.25°]
Other examples include acetylene black and most highly gra-
phitized carbons. The relative pore structure and surface area
of these carbons are a consequence of the synthetic methods
used to make them and their chemical composition. Typically,
highly graphitized carbons possess a relatively flat surface,
which results in a lower surface area as shown in Figure 25a.
On the other hand, more amorphous carbons lend themselves
to a surface disordered on the nanometer scale, giving rise to
much larger surface areas and higher microporosity. The mor-
phology, porosity, and PSD for the overall CL is dependent on
manufacturing, ionomer content/distribution, size/structure,
and initial porosity/PSD of the support material.[6+293.351,352]
Porosity and PSD have been reported to play a large role
in catalyst durability. As discussed in Section 1, the two main
mechanisms of Pt loss are Ostwald ripening and particle coa-
lescence.’"178 Both of these degradation mechanisms result in
an ECSA loss, but differ in size of the resulting catalyst particle
sizes. Sneed et al.['’®] reported the upper barrier to catalyst par-
ticle size growth due to AST in HSACs was much lower than
LSACs. This is due to the surfaces of flat LSACs allowing for
facile coalescence of the catalyst into larger particles, in contrast
to isolated particles within the micropores of HSACs, which
have less freedom of movement. Figure 26 shows significant
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Figure 25. a) Schematic ORR models of the carbon-supported Pt cata-
lysts. Adapted under the terms of the Creative Commons Attribution 4.0
International (CC BY 4.0) license.®l Copyright 2016, Elsevier. b) ORR
kinetic and transport (O, and proton) characteristics of CL structures
made from three types of carbon (grey). Small black and grey circles rep-
resent relatively high and low activity Pt particles, respectively, due to
ionomer (blue) adsorption. Adapted with permission.l®3l Copyright 2018,
American Chemical Society.

differences in the change in catalyst particle size during AST
between different types of carbon supports. While this may at
first imply that HSAC catalyst would lose ECSA at a slower
rate, Sneed et al,'8] among others!™® reported that there was
no significant difference in ECSA change during AST between
LSACs and HSACs. Pt catalyst particles are protected from
particle coalescence in HSACs, this benefit is offset by the
increased vulnerability of the smaller catalyst particles to Ost-
wald ripening compared to LSACs.-17818¢]

Mass activity of catalyst is reported to increase when the
particles are deposited in the support micropores, attributed to
the absence of a gas impeding ionomer coating, which cannot
be deposited into the interior of small pore. Harzer et al.l33]
compared catalysts deposited on exterior or interior pores,
and found the ECSA and current density losses in the mass
transport region were greater for exterior pore catalyst. This
was reportedly due to interior pores not being poisoned from
the ionomer coating.[00-6671186322 Dye to this effect, HSACs
have often been reported to outperform LSACs.8] How-
ever, in the absence of direct ionomer contact, catalyst parti-
cles buried in micropores are dependent on the presence of
localized liquid water to transfer protons. Depending on the
pore size, localized water can increase O, transport resistance
by forcing the gas to diffuse through flooded pores to access
the catalyst surface.l®¥l This, combined with a more tortuous
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Figure 26. Violin plots of particle size distributions measured with by
scanning transmission electron microscopy (STEM) in MEA cathodes
with different catalysts at beginning-of-life (blue) and end-of-life (red).
The distributions in (a) are simple numerical histograms, while the distri-
butions in (b) include a volume weighting factor to show the distribution
of mass between particles of different sizes. Blue “o” markers and red “x”
markers show the mean size for BoL and EoL distributions. Reproduced
under the terms of the Creative Commons Attribution 4.0 International
(CC BY 4.0) license. Copyright 2019, Electrochemical Society.!

gas diffusion pathway and the possibility that the entrance to
pores may be partially blocked with ionomer, further limits
0, transport.[®#3>3-3%] From this, solid carbon supports have
been reported to possess superior current density in the mass
transport region compared to porous carbons.®47"3%3 However,
this general trend does not always hold true due to other differ-
ences between LSAC and HSAC, such as surface functionali-
zation, surface area, porosity, and impacts of different testing
conditions, it is therefore not clear which of these different
types of carbon support consistently outperforms the others.
While the size, shape, and PSD of the carbon support is the
major factor in developing the morphology of the CL, the inter-
action of the ionomer and catalyst particles with the support
also plays a role. For example, CB powders have been reported
to have pores ranging from 1 nm to several hundred um. How-
ever, electrodes formed from these powders contain a narrower
pore range between 3 and 300 nm.* This is due to the intro-
duction of catalyst particles and ionomer depositing onto the
support particles and modifying the pore structure, with higher
ionomer contents reported to reduce peak pore diameter and
porosity.[%42833%] Andersen et al.”! reported that the introduc-
tion of Pt NPs significantly reduces the micro- and meso-pore
volumes in most samples; this was observed to be significantly
worse in LSACs. Yu et al.3>! investigated the role of ionomer in
pore formation and found that the incorporation of ionomer into
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the CL increases the peak pore sizes, as it acts as a binder during
manufacturing. However, the addition of ionomer above I/C
= 0.5 causes the average pore size and porosity to significantly
decrease. A high ionomer content is reported to have a more det-
rimental impact on graphitized carbon compared to amorphous
carbon, likely due to the lack of micropores and low surface area
the ionomer can occupy. Elsewhere, such as Sun et al.?% have
reported any addition of ionomer reduces the porosity with even
a small addition of ionomer removing most of the microporosity.
The differences between these reports we assign to the variation
in support materials and fabrication methods used.

Takahashi et al.??3] have shown that an increase of porosity
has large positive impacts on both kinetics and mass transport
of the CL. In this case, they reported that changing the spraying
deposition method from pulse to electrostatic changed the
porosity from 43% to 54%. This resulted in increased ECSA,
implying the Pt was more accessible, with significantly higher
mass activity and current density in the mass transport region
which suggests improved delivery of reagents to the surface of
the catalyst. However, it has also been reported that porosity
in CLs above 50% reduces the performance, as the negative
impact of higher Ohmic resistance outweighs the positive
impacts of improved mass transport.’™ Kjelstrup et al.3*®l
suggested from their simulated MEA layers that the best
method to achieve an efficient low loading of Pt is by control-
ling the macroporosity. A balance is required between water
management, oxygen supply, electrical conductivity, and proton
conductivity. If the porosity is too low, O, transport and Pt uti-
lization is reduced, too high and the cell has lower volumetric
power and impeded proton and electron conductivity, with the
optimal porosity being 50%.3%81 Suzuki et al.>*®! investigated
the effect that drying methods and hot pressing have on PSD
and porosity. They reported that larger pore size increased
overpotential at 1 A cm™2, however, this was only observed for
hot pressed samples and may be convoluted with other factors,
hence, cannot be assigned to simply changes in pore struc-
ture. Pore structure also has an impact on water management,
such as by Kartouzian et al.**!l who reported that the introduc-
tion of porosity improves water management within the CLs.
They showed that more porous CLs can accommodate more
water within larger pores, reducing the chances of flooding.
This allows for other channels to transport oxygen when the
pores fill with water. The accumulated water in the larger
pores of the cathode is transferred across in the membrane to
the anode, facilitating better hydration of the membrane and
opposite electrode. Soboleva et al.3*3] compared the water man-
agement effects of solid and porous carbons, reporting that
smaller mesopores (<20 nm) help facilitate WU by capillary
action and help retain water.>* It has also been reported that
water can preferentially fill the larger pores, which allows the
smaller pores to transport the oxygen throughout the CL.3>
While these reports highlight the role of different size pores
on water management further work is required to achieve a
more complete understanding, particularly the role of pore
size under different environmental conditions.

From their comparisons of the performance of different
carbon supports, Yarlagadda et all®l suggested accessible
porous carbons with 4-7 nm pore sizes are an optimum middle
ground between narrower pores that limit O, transport and
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larger pores that accommodate catalyst-poisoning ionomer
(Figure 25b). They reported that for porous materials, the
dry proton accessibility increased and the local O, resist-
ance decreased as the volume of smaller mesopores (47 nm)
increased. This correlation led them to conclude that HSAC,
which have internal mesopores 4 and 7 nm, have the ideal bal-
ance for achieving high mass activity and low local O, trans-
port resistance. Ott et al.'¥] reported a synthesis method that
formed highly mesoporous support materials by combined
acid-treating carbon and heating in ammonia gas. This resulted
in a huge increase of surface nitrogen groups and mesoporo-
sity. RDE testing of support materials with different amounts of
mesoporosity were shown to have the same performance. How-
ever, with the introduction of ionomer and testing in an MEA,
the more mesoporous materials possessed better mass trans-
port and mass activity. Improved performance in the kinetic
region, particularly in porous materials, is often associated
with catalyst located in pore interiors with less direct ionomer
contact and therefore reduced poisoning. Given these improve-
ments were not observed in RDE tests in which ionomer is
not utilized, it suggests that the origin of the mass activity
and mass transport is from the lack of ionomer within the
mesopores. However, TEM/SEM comparison of interior versus
exterior Pt deposition suggested that the carbon supports inves-
tigated have similar exterior/interior location distribution of Pt
particles (Figure 27). In addition, dry ionomer proton transport
measurements suggested near-perfect contact of the ionomer/
Pt for the best performing material. This strongly suggests that
each Pt catalyst has contact with the ionomer while benefiting
from reduced poisoning and improved mass transport. The
explanation behind this apparent contradiction and the role of
mesopores in this publication is unclear. Ott et al.'3] suggested
that the Pt particles are located at the edge of the mesopores
and therefore only partially in contact with the ionomer. How-
ever, no experimental evidence was used to backup this claim.
Indeed, if this analysis is correct, it would require a huge
degree of control over the Pt deposition position to achieve a
uniform distribution. Given the report from Yarlagadda et al.[%%]
describing similar performance increase in both mass activity
and current density in the mass transport region due to
mesoporous carbon, it is clear that some aspects of mesoporo-
sity have a positive impact on performance.'® However, fur-
ther research is required to understand the exact location of the
catalyst particles with respect to the mesopores and the origin
of this performance enhancement.

4.3. Functionalization of Support Materials

The surface and bulk chemistries of the support material have
a significant impact on the performance and durability of a
CL, which are often overlooked. For example, the exterior sur-
faces of the carbon supports are typically covered in oxygen
functional groups, although the quantity of these groups can
vary wildly depending on the material in question, with highly
graphitized carbons having very few."’”%l Functionalization is a
widely used technique to selectivity introduce and control the
surface chemistry of a support. In the case of high aspect ratio,
nanomaterials such as graphene doping should be considered
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Figure 27. Morphological and structural characterization of catalysts. Pt-particle localization of Pt/n-KB 600 °C comparing exterior and interior Pt
particle applying SEM and TEM, respectively. a) Pt/n-KB 600 °C. b) Pt/KB. The insets represent a histogram of the Pt particle size distribution exterior
and interior. Scale bars, 75 nm. Adapted with permission."l Copyright 2019, Springer Nature.

as a form of functionalization due to the surface nature of
these materials. A wide variety of possible pathways by which
functional groups can be added to the surface of carbon sup-
ports exist, including grafting of covalently bonded structures
(as shown in Figure 28), adsorption of species onto the sur-
face, or by removing the original surface chemistry via acid or
heat treatment.[®®] Support surface functionalization has been
reported to affect catalyst activity,?3*33¢ catalyst particle size
and distribution,[334-337,360-362] jonomer distribution,13334363]
durability,©334338] mass transport limitations,?3#3%3 and CL
morphology®*/l and are therefore capable of enhancing perfor-
mance, even at low Pt loadings.['13334363] The quantity of intro-
duced functional groups has been reported to be dependent not
only on the functionalization pathway but also on the nature
of the support with more porous, more amorphous, and high
surface area supports achieving higher degrees of function-
alization.?*! Functionalization is also often concurrent with
a reduction of specific surface area,[!333363 hut has been
reported to both decreasel!*334363] or increasel’*393] ECSA. This
change in ECSA is dependent on which technique is used to
acquire the data. For example, Orfanidi et al.3%3] reported that
RDE testing showed a decrease in ECSA due to the addition
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of -NH, functional groups,?*>3¢ while an increase in ECSA
due to the same functionalization under MEA testing. This
apparent contradiction is most likely due to changes in catalyst
particle sizes and the changes to ionomer distribution caused
by functionalization.[')

One of the most significant performance limitations for
MEAs has been attributed to inhomogeneous or inadequate
ionomer distribution across the support.l It has been widely
reported that the introduction of functional groups can have
a significant impact on this.[13:334363364 Fang et al. 334 among
many others, have reported that functionalization increases
ionomer surface coverage. This was suggested as an explana-
tion for the observed current density improvements, and not
proven by a direct measurement, although they did utilize
STEM to observe the ionomer distribution with some limited
success. Pramounmat et al.%®! reported the use of a polypeptide
which was shown to alter the morphology of the ionomer in the
CL, in particular increasing the thickness of the Nafion coating.
However, the electrochemical consequences of this were not
investigated and it is also not clear in what manner the poly-
peptide altered the ionomer structure, or whether it truly
acts as an intermediary between the ionomer and the catalyst
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Figure 28. Reaction mechanisms for several functionalization schemes: a) Scheme 1 diazonium reaction with para-phenylenediamine for creating
positive surface charge in solution, b) Scheme 2 amination for creating positive surface charge, and c) Scheme 3 diazonium reaction with sulfanilic
acid for generating negative surface charge. Reproduced with permission.*3¥l Copyright 2005, IOP Publishing, Ltd.

surface. The interplay between O, diffusion through ionomer,
film thickness, and free water is thus heavily influenced by the
substrate-ionomer interactions unique to particular chemis-
tries and operating conditions, as discussed in Section 3.9
Functionalization, typically hydrophilic, strengthens the inter-
action between the functionalized support and the ionomer sul-
fonic head, which has been reported to create thinner and more
homogenously distributed proton-conducting layer.[13:334363]
This results in improved device performance, which is credited
to the reduced mass transport and O, diffusion resistance from
homogeneous ionomer distribution. The impact of relative
strengths of the functionalized support-ionomer interaction has
been shown by Yang et al.> who reported that when simply
washed with a Nafion solution, more Nafion adsorbed onto
the surface of the PyPBI-coated multiwalled carbon nanotube
(MWCNTs) compared to oxidized MWCNTs. While the opti-
mization of ionomer distribution has often been suggested as
the cause of performance improvements in a range of publica-
tions, there is often a lack of sufficient structural characteriza-
tion such as porosity, PSD, ECSA, and electrode thickness. It is
difficult to determine the exact spatial organization of ionomer/
Pt catalyst as discussed in Section 3.7 Given the complexity of
the Pt/ionomer/support interaction and the resulting increased
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ECSA and dry proton accessibility, much more extensive micro-
scopic, structural, and spectroscopic analysis must be com-
pleted on this topic, particularly under different environmental
conditions. This would allow for the quantification of how the
ionomer distribution is affected by the surface chemistry of the
support, hence facilitating functionalization to become a useful
tool to controlling ionomer distribution and performance.

A multitude of different functional groups could be theo-
retically reacted with support material, creating a huge range
of functionalized materials. Although, due to the limited
number of publications in this area only the use of a few
different functional groups have been reported. Functional
groups are best categorized by their elemental compositions;
however, this is not ideal as there is variation between dif-
ferent functional groups of the same elemental composition.
The three main types of functional groups that are reported
are nitrogen, oxygen, and sulfur containing. Oxygen func-
tional groups are the most common form of functionaliza-
tion as they are often present on the exterior surfaces of as-
synthesized carbon supports. They are frequency described
as defects and are associated with increased carbon corro-
sion.[09:186,366-368] \When new functionalized support materials
are compared to commercial carbons, they can in effect be
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comparing with oxygen surface functional groups depending
on exact commercial support material. As such, the properties
of oxygen functional groups are rarely reported themselves;
a notable exception to this is with reduced graphene oxide
(rGO), which is often compared to traditional support mate-
rials and unfunctionalized graphene. The oxygen functional
groups in rGO are widely reported to cause higher power
densities due to more homogeneous ionomer distribution
and improved catalyst durability as a result of anchoring
interactions between surface functional groups and the cata-
lyst particles (as detailed below); rGO is discussed in more
detail in Section 4.8.1369-371]

Sulfur-based functional groups are other elements that
are commonly explored, partly due to their tendency to form
hydrophilic surface groups that are not associated with
enhanced carbon corrosion. Xin et al.?%2 reported that SO;H
improved O, transport at mid to low RH conditions, due to the
increased hydrophilicity of the support leading to more water
being retained at low humidity conditions. On the other hand,
Roy et al.?% reported sulfur functional groups were detri-
mental for performance of a DMFC, attributed to reduced mass
activity from catalyst poisoning, similar to catalyst poisoning of
Pt by PFSA ionomers. This poisoning can be observed within
the data reported by Fang et al.,?*¥ who found simple amines
improved current density while phenyl-sulfonate groups
caused it to decrease by over 50%. This was suggested to be
due to observed increased mass transport resistances; however,
the authors did not comment on the =50% decrease in ECSA
after the sulfur functional group was introduced. This cou-
pled with only small changes in catalyst particle size between
the functionalized supports strongly suggests that the sulfur
functional groups are poisoning the surface of the catalyst. Fur-
thermore, the sulfur functional groups were found to signifi-
cantly increase the rate of degradation during carbon corrosion
ASTs; the origin of this performance loss was not commented
upon. From this, it appears that sulfur functionalization has a
negative impact on ECSA, although its hydrophilic functional
groups can positively impact device performance under low
humidity conditions.

Nitrogen-based groups are the most common type of func-
tionalization, partly due to support materials being functional-
ized with nitrogen having fairly uniformly reported catalyst
durability improvements and higher current densities.|>*363.372]
For example, Ott et al.™ reported higher performance and
durability due to N-doping (in addition to other mesoporosity
changes); they attributed this to a more homogenous ionomer
distribution; however, experimental evidence or further dis-
cussion is lacking. Yang et al.3®4 discussed the relationship
between N-doping and ionomer distribution in more detail.
They reported that amine surface groups have a stable interac-
tion with the sulfuric head of the ionomer due to the attraction
between NH;* and SO;, as observed from significant increase
in carbon support aggregate size when Nafion is added to an
ink. They suggested that utilizing functional surfaces, particu-
larly those with a complimentary charge to SO;~, would assist
in forming homogenous ionomer distribution. However, their
experiments only investigated the ionomer/N-doped support
interaction in an ink not an MEA and hence lacked performance
data such as power density. The studies that have reported the
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merits of nitrogen functionalization often lack in-depth char-
acterization and explanation of the origin of the benefits. For
example, Karuppanan et al.’”3 simply reported that N-doped
graphene outperforms PtC in current density, by facilitating
homogenous dispersion of catalysts and enhancing electrical
conductivity, although experimental evidence of this was not
reported. Jung et al.?*® reported the use of graphitized nitrogen
and iron-functionalized supports with significantly improved Pt
stability compared to commercial PtC. The origin of this effect
was reported as being due to the strong interaction between
electrons delocalized between the doped graphitic support and
the catalyst; however, no experimental data or model was pre-
sented to aid in the understanding of this effect. The improve-
ments in the performance due to nitrogen functionalization,
particularly in the low-voltage range, have been suggested to
be partially attributed to the presence of additional non-metal
catalytic C-N sites.[33374 Lee et al.l’”*! reported that aniline-func-
tionalized supports possessed higher specific activity under RDE
testing, suggested to be due to the presence of catalytically active
pyridinic ORR active sites. However, under MEA testing, the
same material performed worse than PtC, likely due to the addi-
tional non-metal catalytic sites being unutilized in a mass trans-
port limited MEA, although enhanced catalyst durability was
observed. RDE-based reports have suggested NH,-functional-
ized graphene possess only a minor improvement in initial
specific activity compared to nonfunctionalized graphene.l3*!
However, after AST, the specific activity of the NH,-function-
alized graphene decreased significantly less than nonfunction-
alized graphene. This was attributed to Pt anchoring in which
improvements to the catalyst stability are associated with elec-
tron transfer between the catalyst and the support, binding
the components together.3*! It is associated with changes in
the binding energy of the relevant elements, measured via
XPS.3%] Furthermore, higher catalyst mass activity has often
been reported due to functionalization, particularly for nitrogen-
based functional groups; this has been suggested to be due to
electron density shifts between the Pt catalyst particle and the
support functional groups.[113:334-336.360.376] \While catalyst stability
and mass activity improvements are often observed, it is diffi-
cult to quantify the impact and strength of these interactions.
More in depth research is required to understand the relation-
ship between changes in binding energy from XPS and perfor-
mance/durability improvements.

It has been extensively reported that carbon corrosion
occurs at different rates depending on the chemical struc-
ture of the support.’””l Fang et al.}3 reported the impact of
functionalization with phenyl-amine, phenyl-sulfonate, and
amine functional groups on the durability of HSACs and
LSACs. The rate of carbon corrosion in HSAC, in this case
KetjenBlack, increased with all the functionalization path-
ways explored in this publication. Hard carbons, such as
Vulcan, showed little difference in chemical corrosion across
functionalized samples. Faster corrosion of HSACs was sug-
gested to be due to the introduction of defect sites and less
chemically stable surface groups. The authors also reported
an improvement to durability due to the same series of func-
tionalization on a different highly graphitized sample, but
due to its proprietary nature, the exact origin of this effect is
unclear. Li et al.33”) and further work by this group” reported
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Figure 29. Specific pore volume distribution curves of PTFE film substrate, CLs with and without functionalization. Reproduced with permission.?2

Copyright 2017, Electrochemical Society.

a 66 mV loss at 0.8 A cm™2 for PBI-functionalized rGO com-
pared to a 602 mV loss for non-functionalized rGO. They sug-
gested that their method of functionalizing graphene with
PBI targets the most active site of the graphitic materials,
resulting in the most reactive parts of the supports becoming
terminated with stable functional groups forcing alternative
degradation routes, particularly in a highly defective material,
such as rGO.

As mentioned above, variations in the local chemical struc-
ture between similar functional groups can cause a significant
change in hydrophilicity, which has a significant impact on
water management. Hydrophobic functionalization, typically
via introduction of fluorine into the support surface chem-
istry, has been reported to reduce carbon corrosion by 50%.[6%
Li et al.’’® reported that surface functionalization of C¢Fs sig-
nificantly changes the hydrophobicity of the carbon support.
Forouzandeh et al.13*! from the same research group, tested the
durability of these hydrophobic supports via CV cycling in sul-
furic acid, and showed improved durability compared to non-
functionalized samples. However, this measurement was taken
without the presence of Pt catalyst, which also contributes to
carbon corrosion mechanisms or ionomer, which will likely
have disrupted surface distribution by this functionalization.
Simple hydrophobic functionalization may have great potential
for creating high carbon corrosion resistant supports, but more
in situ MEA testing is required to investigate this. Changes in
hydrophilicity have also been reported to impact other aspects
of CL preparation; for example, Xin et al.?*?l reported signifi-
cant changes in the PSD of a functionalized CB compared to
a non-functionalized material, as shown in Figure 29. They
reported this to be due to the more hydrophilic functional
groups being dispersed differently within the ink, changing CL
PSD and led to enhanced fuel cell performance after deposi-
tion. Experiments attempting to measure performance changes
from functionalization must be careful to keep every other
variable constant, such as porosity, ionomer distribution, cata-
lyst size, Pt loading, and ECSA, but this is not facile as all can
be impacted by functional groups. It is therefore key that as
much morphological and structural characterization as pos-
sible is reported, to help facilitate understanding. Furthermore,
additional follow-up publications that explores the origins of
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performance enhancement are strongly encouraged, as opti-
mizing functionalization to develop next-generation materials
requires this in-depth understanding that is lacking in most
publications.

4.4. CL Thickness and Heterogeneous Electrodes

The thickness, Pt distribution, and catalyst loading all have
an impact on performance. However, this is not a facile rela-
tionship with specific activity and Pt utilization depending on
electrode thickness or Pt loading. Typical CLs range from 5 to
10 um in thickness with uniform Pt, porosity, and ionomer dis-
tribution across the film. While this structure is widely used,
heterogeneous distributions has been shown to effect per-
formance, as discussed in Section 2.5.2. New CL structures
have been explored for potential benefits, such as significantly
thinner electrodes or porosity and ionomer gradients across the
electrode. Owejan et al.?*! investigated how heterogeneous Pt
distribution affects performance by comparing uniform PtC
materials to high-loading PtC diluted with bare carbon, while
maintaining overall loading and thickness. They reported that
inhomogeneous Pt distribution (high loading Pt/C diluted with
bare CB) had a negative impact on cell performance compared
to uniform Pt distribution (across the thickness of the cathode).
This was not related to the surface area of Pt which was kept
roughly constant, but suggested as being a result of the higher
O, flux through the ionomer around the Pt. It was suggested
this increased transport losses through the ionomer, although
this conclusion was based on the assumption that the ionomer
was uniformly deposited across the CL.[*®! Further research in
this area is required to resolve the relationship between inho-
mogeneous Pt distribution and performance and how this
relates to O, flux, as discussed in more detail in Section 3.4.
The performance of catalysts change with Pt loading in CLs
where the thickness is constant. Suzuki et al.?””! reported that
while reduced catalyst content caused a reduction in current
density, the current density per mass of Pt (mass activity) sig-
nificantly increased, particularly in the mass transport domi-
nated region of the polarization curve. Almost identical values
of ECSA for the differently loaded electrodes indicated that
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Figure 30. Left: Schematic illustrating the porosity of 3.8, 7.5, and 11.8 um cathode CLs. Pore size content extracted from N,-sorption porosimetry
data. Placement of pores is qualitative. Pores are white, carbon is black, Pt is yellow, and Nafion is blue. Right: Polarization curves as a function of
cathode CL thickness under the following conditions: HyAir at stoichiometric flow of 2|2, 80 °C cell, and 64 °C gases (50% RH, top row) and 79 °C
gases (100% RH, bottom row). a,d) iR-free cell voltage versus Pt mass-normalized current density; b,e) iR-free cell voltage versus current density;
¢f) iR-free cell voltage versus current density at 101 kPa,, (solid symbols) and 150 kPa,, applied back-pressure (open symbols). Adapted with permis-

sion.3%% Copyright 2019, Elsevier.

these changes were not due to variation in catalyst particle size.
This suggests that each Pt particle has the capacity to drive
larger currents than typically utilized in high loaded electrodes.
For studies in which the thickness of the electrode varies with
the catalyst loading, the Pt mass normalized current is highest
for very thin CLs, and decreases with thicker films, as shown
by Sassin et al. (Figure 30b) among others.?>0379-382] Fyrther-
more, the absolute current densities were higher for very thin
(3.8 um, 0.18 mgp, cm~2) CLs, compared to very thick (11.8 pum,
0.51 mgp, cm™?) ones. These changes in performance have
been suggested to be due to limitations in the mass transport,
often the rate determining process.*””l Of which, the O, trans-
port limitations have been reported to be an important factor,
as charge transfer resistances were similar for all CLs, apart
from the very thinnest electrodes.’3# In addition, reduced
Pt utilisation is often observed in thicker electrodes. Kriston
et al.’®! reported the changes in performance and Efp, with
Pt loading, observing an increase of Efp, from 48% to 82% as
the catalyst loading (in this case expected to be roughly propor-
tional to thickness) was decreased from 0.4 to 0.05 mgp, cm™2.
This is most likely a consequence of reduced porosity in thicker
electrodes.

The reduced performance of thicker electrodes is broadly
appreciated across the literature as being due to an exacerbation
of mass transport resistances. However, no one mechanism can
be used to explain how thicker electrodes impact performance,
it is best understood as a combination of factors. Some publica-
tion have explored certain aspects, for example, Sassin et al.>>*!
(Figure 30a) showed a correlation between the porosity of the
CLs in their study with electrode thicknesses, ranging from
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63% porosity in 3.8 um electrodes to 40% porosity in 11.8 pm
CLs. They reported that the highest performance was achieved
at a thickness of 75 um and porosity of 57%. They suggested
that achieving maximum performance required finding the
optimum porosity. They also suggested that the origin of the
reduced porosity in thicker electrodes was due to pore collapse
associated with solvent evaporation during fabrication.l>%
Similarly, Talukdar et al.®83 showed that the performance of an
electrode was directly related to its porosity, where a porosity
change from 18.4% to 24% was associated with current density
increase from 1to 1.5 A cm™ at 0.3 V. This was attributed to
increased Pt utilization as shown by the ECSA increase from
17 to 29 m? gL They suggest that thick CLs (>10 um) and
ultra-thin ionomer coatings limit the charge transport. The
exact relationship between pore size, porosity and electrode
thickness has not reached a consensus within the literature.
Kriston et al.?®! reported the changes in performance and Efp,
with Pt loading, observing an increase of Efp, from 48% to 82%
as the catalyst loading was decreased from 0.4 to 0.05 mgp, cm™2
(roughly proportional to thickness in this case). Sassin et al.l3>)
observed little change in the PSD with thickness. This in
contrast to Talukdar et al.,’®3] Kriston et al.’®! reported an
increase in average pore diameter with higher loading. How-
evet, the manufacturing route used by Kriston et al.*®! was
similar to Sassin et al.’* who did not observe these effects;
it is likely that the relatively low ionomer content used by
Kriston et al.3®! helped reduced the loss of porosity in thicker
electrodes.[’%380:383] Ag such the relationship between PSD and
electrode thickness seems to depend largely on the exact manu-
facturing method and ionomer loading.
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Figure 31. Schematic of the ionomer-gradient cathode CL (CCL) design with ionomer loading decreasing away from the membrane interface. Repro-

duced with permission.3 Copyright 2018, Elsevier.

The thickness of the electrodes also has implications on other
aspects of performance; for example, thin CLs (>4 pm) typically
possess higher porosity and low total pore volume (as discussed
in Section 3.4); hence, they suffer from flooding, which in turn
significantly increases the O, transport resistances.[>0:24:350.380]
Very thick CLs (<11 pm) are less likely to suffer from this effect
but increases in O, transport resistance are typically observed
due to the highly tortuous gas diffusion pathway.l’”>38%384 The
porosity of a CL is a morphological aspect that is dependent
on the manufacturing techniques; hence, researchers should
aim to control it through the use of alternative fabrication tech-
niques. This raises the possibility of retaining a high porosity
even with thicker electrodes, improving Pt utilization, current
density, and water management, if the manufacturing methods
are optimized for thicker CL design.32337]

CLs with a Pt distribution, support materials, or porosity
gradient along the membrane-MPL axis have been suggested
as a novel CL structure that could be utilized to improve per-
formance. Typically publications use only dual CL systems
formed from two layers with distinct morphologies that are
combined to make up a single electrode, as shown in Figure 31.
For example, Ye et al.38 reported a catalyst and porosity gra-
dient formed with one PtC layer and one carbon nanofiber
(CNF)/CNT CL. This electrode system showed a 22% reduc-
tion of ECSA compared to a standard homogenous electrode
but showed a =10% improvement in current density at 0.3 V,
suggested to be due to enhanced mass transport. However, the
authors utilized several testing aspects such as CV measure-
ments being carried out on RDE while MEA data was used to
report the current density, which makes comparison between
samples difficult. Furthermore, the dual CL with the CNF/CNT
was only compared with single-layer commercial PtC and not
with single layer CNF/CNT, which would have further facili-
tated comparison. As a result, it is difficult to determine what
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caused the performance improvements. Zhao et al.’®l reported
a novel dual CL in which a hydrophilic layer containing Nafion
and Pt/C was first sprayed onto a membrane followed by a
hydrophobic layer which contained PTFE and Pt/C, which was
achieved by depositing different thicknesses of the respective
inks. They reported a performance increase of the dual-layer
CL system compared to commercial PtC (=10% current density
@0.3 V) with maximum current density achieved via use of
a thick hydrophilic layer (0.3 mg cm™) and thin PTFE layer
(0.1 mg cm™), which was suggested to be due to improved
water management across the cell, although this was not char-
acterized in detail in this publication. However, in this dual
CL system, the hydrophobic layer contains no ionomer, which
would be expected to significantly reduce Pt utilization in this
half of the electrode. Further investigation of this CL design
would be required to confirm the exact source of performance
improvements, and determine the Pt utilization within a dual
CL in which one CL has no ionomer.

CLs manufactured with ionomer and catalyst gradients
from the membrane to the GDL have been explored. Higher
ionomer content nearer the membrane with a gradual reduc-
tion approaching the GDL has been widely reported to
outperform uniform CLs and those with the ionomer gradient
inversed.[3°0:38%388] Shahgaldi et al.’®] reported that this meth-
odology resulted in a 13% higher maximum power density,
Kim et al.’®l a roughly 10% increase in current density, and
Xie et al.’%%l a 20% improvement in current density. All of these
reports were coupled with small or no changes in the ECSA of
the CL and the publications broadly agree that the enhanced
performance was based on improved proton conductivity at
the CL/membrane interface and improved mass transport due
to the reduction of ionomer near the GDL. This CL structure
splits the trade-off between ionomer content and mass trans-
port within the CL into two sections. This allows localized high
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porosity near the GDL, and higher ionomer loadings near the
membrane and hence improved overall mass transport and
proton conductivity. The ionomer gradient with a maxima
near the membrane was also used by Chen et al.,}¥% although
these authors also investigated the impact of a Pt gradient.
They reported almost 40% increase in power density when the
maxima of the Pt and ionomer gradient was highest next to the
membrane compared to a uniform CL. This value of the cur-
rent density was even higher under low humidity conditions.
Similarly, these performance enhancements were attributed to
improved mass transport and Pt utilization, although ECSA of
the graded CLs were lower than the uniforms ones. The struc-
ture reported by Chen et al.*®1 would be expected to signifi-
cantly increase O, transport resistance and Pt catalyst poisoning
due to high localized ionomer loading near the membrane.
However, this was found not to be the case, or at least suggested
that these effects are mitigated by the enhanced mass transport
near the GDL side. The significant variation in reported current
and power densities from the catalyst and ionomer gradients
compared to other reports is most likely due to differences in
ionomer content, Pt distribution, and testing conditions.
Hydrophobicity has also been introduced into the CL to
improve water management, typically through the inclusion
of polytetrafluoroethylene (PTFE).33! PTFE has been widely
reported to be used as a binder in CLs, which impacts the
morphology of the CL during fabrication.}3:3%% For example,
Therdthianwong et al.?®yl reported that the introduction of
PTFE into the CL significantly reduces the micro- and meso-
porosity and slightly increases the macro-porosity. They further
reported that CLs formed with PTFE achieved higher current
density by reducing activation losses and lower O, diffusion
resistances through reduction of localized standing water.?913%21
This suggests that a hydrophobic component in the CL ensures
that some regions of free volume remain during flooding and
retain a pathway for gas transport through the CL. However,
patterning the distribution of the PTFE in the CL has been
reported to not benefit the performance.??! It is not clear if this
effect is due to morphological changes imposed by the addition
of PTFE, the changes in the water distribution across the CL or
a combination of both. Alternatively, Avcioglu et al.?3!l reported
that the introduction of PTFE causes a reduction of Pt utiliza-
tion, ECSA, and a 60% loss in pore volume, which suggest the
Pt utilization loss is related to the porosity reduction, although
direct covering of the hydrophobic polymer on the catalyst sur-
face could also be the cause. Nonetheless, higher loadings of
PTFE, up to 30%, can significantly reduce or eliminate mass
transport limitations arising due to flooding, meaning this may
be a useful trade-off between performance losses for applica-
tions in high humidity environments.?*"3%% Performance dif
ferences between these reports seems to be related to the elec-
trode thickness, in which thinner electrodes benefit more from
the presence of hydrophobic PTFE, as their water vaporization
is limited and are more prone to flooding.’%3%2 By contrast,
thicker electrodes will suffer greater Ohmic resistance from a
non-electrical or proton conductive phase being introduced into
the CL. Other hydrophobic CL additives such as polydimethyl-
siloxane (PDMS) have been suggested by Ungan et al.,l33Z
and reported to improve current density when added to a CL.
However, it is not clear why the reported ECSA of Pt/PDMS was
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higher than that of Pt-only under RDE testing. Furthermore, in
MEA testing, all loadings of the hydrophobic polymer from 0 to
30% were shown to perform better than pure catalyst, reportedly
due to improved water management and reduced O, diffusion
limitations. This is markedly different to literature observations
for other hydrophobic polymers such as PTFE.[331:391.393]

4.5. Alternative Support Materials

Due to their high electrical conductivity, ease of manufacturing
and low cost, the most widely used catalyst supports in labora-
tory development and commercial applications are based on
carbon. However, they suffer from chemical and structural cor-
rosion in the acidic aqueous environments found in operational
fuel cells, particularly during long cycling or fuel starvation
conditions.®)) Graphitized carbon supports have been widely
reported to possess increased carbon corrosion resistance com-
pared to more amorphous carbon structures.’+178186,225,322-324]
This has been taken to the logical conclusion with graphene
and other graphitic nanomaterials being widely explored as
support materials, as discussed in more detail in Section 4.8.
Conductive ceramics have also been reported as a potential
replacement for CB.’*3%] These doped metal oxide-based
supports typically show lower electrical conductivity and ini-
tial performance, but higher current density after AST due to
their superior corrosion resistance, particularly at high poten-
tial.773943%] However, these support materials suffer from less
well-understood degradation mechanics than CB, such as the
loss of dopant during operation (shown in Figure 32), causing
a reduction of electrical conductivity.?*¥4% Takabatake et al.o!
compared the electrochemical activity and stability against dis-
solution of the Pt deposited onto several metal oxide materials,
suggesting that SnO, was the most promising. However, the
ECSA of the metal oxides including SnO, was significantly
lower than that of PtC. Since catalyst particle size has a large
impact on stability and performance, is it difficult to compare
the relative catalyst stability. Kakinuma et al.*%? reported that
the Pt deposited onto Nb-doped SnO, formed a PtSn alloy
between the catalyst and the surface, which enhanced the elec-
tron transfer to the catalyst by reducing the Schottky-type bar-
rier. They also reported that the conductivity had a significant
dependence on the Pt loading. The same authors®l found that
Nafion coated the hydrophilic Nb-SnO, more consistently com-
pared to hydrophobic commercial PtC, requiring significantly
less ionomer. This highlights the need to reassess I/C ratio when
novel catalyst or supports are used to ensure their performance
is optimized in comparison to CB. The reduced but more homo-
geneous ionomer coatings were suggested as having the dual
benefit of increasing Pt utilization and increasing pore volume,
allowing for greater mass transport. However, the thickness of
the Nafion layer was simply inferred from TEM images to be
uniform and estimated based on the support/ionomer ratio and
the support surface area; more detailed characterization of the
ionomer distribution would be required to confirm this hypoth-
esis. Dhanasekaran et al.l*3l reported a composite carbon and
Zr0, support with between 0 and 30% carbon mass. The ECSA
was found to be significantly lower on metal oxides with reduced
carbon content; however, the origin of this was not widely
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Figure 32. Schematic diagram of methods to enhance the electrical conductivity of tin oxide based supports. Reproduced with permission.t*2 Copyright 2019,

American Chemical Society.

discussed. Initial performance of the 20% carbon CL was supe-
rior to PtC (roughly 3.3 A cm™ to 2.5 A cm™ at 0.3 V, respec-
tively), and showed significantly reduced performance loss after
high voltage ASTs. The superior performance was suggested to
be due to electron transfer between the support and the catalyst,
while the durability improvements were due to reduced carbon
loss and enhanced catalyst durability. While the performance
and durability reported were very impressive, it is worth noting
that the Pt was deposited onto both the carbon and the ZrO, and
hence the origin of the durability improvement for the carbon
phase is unclear. Doped metal oxides offer a worthy potential
replacement to traditional carbon supports, with both support
and catalyst durability improvements being reported, due to the
interaction between the support and the catalyst, which modifies
the electronic structure of the catalyst and potentially improves
its durability.?*4 However, they suffer from some conductivity
limitations and increased difficulty of functionalization of the
metal oxide surface compared to carbon based supports.

4.6. Flooded Porous Electrodes

In this case, Muzaffar et al.’% has suggested that an instruc-
tive way to categorize CLs is into two different proton transport
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designs: the common GDE, which requires ionomer, and
flooded porous electrodes (FPEs), which do not require
ionomer.5%198405] CL designs do not require support mate-
rials, ¢l and others do not require ionomer as the thickness
of the CL is small enough to utilize localized water to transfer
protons without significant O, diffusion limitations.[6%197:200]
This simplifies the CL structure, eliminating catalyst poisoning
by the ionomer and the thickness of the electrode resulting in
less tortuous gas transport across the CL and no O, diffusion
resistance across the ionomer/catalyst boundary (as discussed
in Section 3.4).°247l Most NSTFs are FPEs,P%°2198199407] dye to
their very thin CL on the order of 0.5-2 um utilizing liquid water
for proton conduction.’*3% NSTFs such as those developed by
3M have been reported to achieve high current densities, espe-
cially at low Pt loading where they outperform commercial cata-
lysts, partially due to them being less affected by O, diffusion
limitations (as discussed in Section 3.4).5219%199 However, due to
their requirement for a very thin CL and high surface area they
are sensitive to water management and RH changes.®” The
thin structure of NSTFs limits water vaporization and makes
them susceptible to flooding at high current densities.>%5!
Due to their thin CL and dependence on high catalyst surface
areas for high performance, NSTFs are typically highly engi-
neered such as those shown as Figure 33; however, this does not
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Figure 33. a) Photograph of a NSTF roll, b,c) SEM images of Pt3Ni7/NSTF, d) STEM-HAADF image of an individual Pt3Ni7/NSTF whisker. Adapted

with permission.[%l Copyright 2015, Royal Society of Chemistry.

guarantee high Pt utilization. For example, Deng et al.“%! fabri-
cated hollow nanotubes of Pt to act as the CL. The ECSA of the
Pt tubes was much lower than commercial PtC, even though
the experiment was undertaken on an RDE, suggesting a low Pt
utilization, most likely from tubes walls excessive thickness. The
performance of these structures appeared to be similar to PtC;
however, given differences in Pt loading it is difficult to deter-
mine the origin of these effects in this publication.

Kinkead et al.“%] constructed a nanostructured FPE from a
template of polystyrene nanospheres, creating an inverse opal
(I0) structure. The resultant CL was a thin, continuous, and
highly porous layer made entirely of Pt. The performance of
these highly ordered FPEs was reported to be better than com-
mercial systems, particularly in the mass transport region.
Using a different manufacturing technique, but a similar
CL design, Kim et al.’® reported achieving an very impres-
sive 3.5 A cm™2 at 0.35 V with a 0.2 mg Pt cm™2 loading (see
Figure 34d). However, the ECSA and Pt utilization were sim-
ilar or lower than commercial PtC and it is only in the mass
transport regime or higher pressures that the IO structure
significantly outperformed conventional materials. Since
these improvements were a consequence of mass transport
improvements and not catalyst kinetics, it is the reduction of
CL thickness, tortuous diffusion pathways, and proton con-
ductivity resistances that yield this higher performance. How-
ever, the durability of this CL design is not clear as Pt catalyst
aggregation typically occurs as part of fuel cell operation. A CL
constructed entirely from Pt catalyst would be highly suscep-
tible to Pt agglomeration and CL thinning, which would sig-
nificantly change the morphology and therefore performance.
While they show excellent performance, the durability of FPE
electrodes is largely unknown and ASTs on FPEs are required
to understand their commercial relevance.
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4.7. Imaging and Measuring Porosity

It is key to quantify the change in porosity and PSD in
order to understand how the structure of a CL changes due
to the materials or manufacturing methods used (as dis-
cussed further in Section 5). Typically, surface area meas-
urements are achieved based on N, adsorption using
Brunauer—-Emmett-Teller (BET) or Barrettt—Joyner—Halenda
(BJH) methods, which are also commonly used to measure
PSD from 1 to 100 nm.[6428833L351410] To determine the PSD
of materials with larger pore sizes other techniques such as
mercury porosimetry are typically used.P>#104U Mercury
intrusion porosimetry is commonly used to measure pores
sizes between 3 nm to 1 um and may be destructive to the
sample due to its high intrusion pressure.! It is also often
the case when developing novel support materials that a quali-
tative investigation of the CL morphology is required. Some
of the most useful tools for this are SEM and electron disper-
sive X-ray spectroscopy (EDS or EDX) that yield information
about the surface of a sample, such as surface roughness and
elemental composition.[?8:38641 Cross-sectional SEM allows
imaging through a slice of the CL, which gives information
about the CL morphology and allows for determination of the
porosity, PSD, quantity of isolated pores, and Nafion distribu-
tion.**8] Cross-sectional SEM images are typically prepared
by filling an MEA with epoxy resin, followed by polishing
or microtoming, to ensure that the sample does not degrade
under the electron beam.*2 This results in direct visualiza-
tion of structural information from the CL, with minimal
distortion from sample processing. This technique has been
improved upon when used in conjunction with a focused
ion beam (FIB), which allows a user to capture a series of
cross-sectional images via FIB erosion.123] These images
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Figure 34. Polarization curves of 10 electrode-based MEAs. a) Using a fully humidified H,/O, supplement and maintained at 80 °C. b) Under ambient
humidity and room temperature condition. For both MEAs, the cathode catalyst loading was =0.12 mgp, cm™2. c) Polarization curves from US Depart-
ment of Energy’s reference conditions with 0.12 mgp, cm=2 and d) 0.20 mgp, cm~2 of cathode catalyst loading. Test at 80 °C H,/air in MEA,; fully humidified
with total outlet pressure of 150kPa; an anode stoichiometry of 2; and a cathode stoichiometry of 2 for air. The inset show the difference between the
power densities of MEAs with a conventional electrode and an |10 electrode. Reproduced with permission.38 Copyright 2013. Springer Nature.

can be reconstructed to give a 3D image of a CL. This extra
dimension allows for information about pore volumes to be
obtained, which provides a more realistic representation of the
sample being imaged.[?92412#1445] Furthermore, this 3D recon-
struction can be used for modeling and simulations of the var-
ious transport processes present within the MEA, including
O, transport, electron conductivity, and proton conductivity,
among many others.[323:349:406412414 Other methods have also
been utilized to resolve the pore structure, such as X-ray CT.
However, the resolution of X-ray CT is currently limited, as
distinguishing between the NPs of the support/Pt are beyond
the resolution of the technique.l?*2292410416] A combination
of several techniques should be used when investigating CL
structures to provide a more realistic representation.34410.417]
While SEM provides information about the bulk CL
porosity, visualization of the Pt NPs or ionomer distribution
is beyond the limits of the technique’s resolution. Thus, TEM
imaging of fuel cell components can be employed to provide
information on support aggregate size, catalyst particle size,
ionomer distribution, and ionomer thickness.[248:288,323334]
Typically, the ionomer shell thickness of catalyst aggregates
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is estimated from visual inspection of the agglomerate edges.
However, the distinction between support material and
ionomer is not trivial, even if EDS spectra and maps are also
obtained. It is not clear how representative estimations of the
ionomer distribution and thickness are from TEM images, as
they only image the edge of agglomerates, not the interior,
top, or bottom surfaces. Furthermore, the preparation of sam-
ples for TEM imaging usually involves sonication or soaking
in solvent, which can change the morphology of the surface
ionomer distribution. The bulk structure will, of course,
change structure and porosity, due to the different drying con-
ditions and particle/particle interactions, which will change
during sample preparation. Park et al.l* reported a technique
to measure and compare the ratio of interior to exterior Pt
catalyst for different carbon support materials. This requires
STEM with a 360° sample holder, allowing a fully representa-
tive quantification of commercial PtC, as shown in Figure 35.
This powerful technique was used to show the superior
oxygen and proton mass transport properties of surface
located catalyst particles.353 The location of the catalyst particles
has been reported to play a role in performance, particularly
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Figure 35. STEM images and Pt distributions at both interior and exterior surfaces of carbon-supported Pt catalysts (SE mode, SEM image; TE mode,
TEM image): a) SE mode 0° of c-PtCB, b) SE mode 180° of c-PtCB, c) TE mode 0° of c-PtCB, d) TE mode 180° of c-PtCB, e) Pt distribution of c-PtCB,
f) SE mode 0° of c-Pt/GCB, g) SE mode 180° of c-Pt/GCB, h) TE mode 0° of c-Pt/GCB, i) TE mode 180° of c-Pt/GCB, j) Pt distribution of c-Pt/GCB,
k) SE mode 0° of n-Pt/AB800, |) SE mode 180° of n-Pt/AB800, m) TE mode 0° of n-Pt/AB800, n) TE mode 180° of n-Pt/AB800, o) Pt distribution of n-Pt/
AB800, p) SE mode 0° of n-Pt/AB250, q) SE mode 180° of n-Pt/AB250, r) TE mode 0° of n-Pt/AB250, s) TE mode 180° of n-Pt/AB250, and t) Pt distribu-
tion of n-Pt/AB250. Reproduced under the terms of the Creative Commons Attribution 4.0 International (CC BY 4.0) license.l®! Copyright 2016, Elsevier.
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at low Pt loadings.13*3 This is particularly relevant for highly
porous supports, as transport resistances have been modeled
to increase significantly in tortuous pores.[*®!

4.8. Nanostructured Support Materials

In order to minimize the Ptloading required in fuel cells, and to
enhance the lifetime of the CL, a number of carbon-based nano-
materials have been investigated as a replacement for CB. The
aim is to take advantage of proposed higher conductivities, spe-
cific surface areas, and carbon corrosion resistance. 84394419422
Although the field is now in its second decade of research, the
majority of work focuses on material discovery and innovation.
Thus, only a small minority of work has reached the maturity
required to be produced in quantities suitable for MEA manu-
facturing and single-cell testing.[*?3] In this section, only works
that have presented MEA testing will be reviewed.

4.8.1. Carbon Nanotubes and Nanofibers

Carbon nanotubes were the first carbon nanomaterial pro-
posed as a replacement for CB in PEFCs, as early as the
1990s.42 A single-wall carbon nanotube (SWCNT) can be
thought of as a single sheet of graphene rolled into a complete
tube, whereas MWCNT consist of multiple concentric rolls of
graphene,*?’! with inter-tube distances typically around 3.5 A.
Given that CNTs are expensive when compared with other
carbon materials,® MWCNTSs are typically favored for use in
PEFCs over SWCNTs due to their lower synthesis costs and
reduced tendency to form bundles which would reduce avail-
able surface area.[*?®l While the properties of MWCNTs can
vary greatly depending on the synthesis procedure used, !l
they typically exhibit high conductivities and specific surface
areas, while their graphitized carbon structure results in high
stability across a wide voltage window,***#?6 making them
potentially suitable as carbon corrosion-resistant support
materials.’™” In the majority of works, MWCNTs are synthe-
sized using chemical vapor deposition (CVD), and are then
acid-treated to introduce defects that facilitate the deposition

www.advenergymat.de

of catalyst NPs.[394423.424:426-42] The obtained catalyst powder is
then dispersed in a solvent, deposited onto a GDL, and assem-
bled into an MEA for testing.[39+423424429] However, this pro-
cess can introduce functional groups onto the surface of the
CNTs which will have an impact on CL performance. CNTs
are widely reported to improve the durability of Pt catalysts:
for example, Vinayan et al.'*% reported Pt/CNT electrodes
composed of Pt NPs decorated on functionalized MWCNTs
(see Figure 36 below) with no voltage loss after 50 h at high
current density. However, the observations of improved Pt cat-
alyst durability on CNTs are among many others that are often
not accompanied by an explanation of the origin of these
observations. Instead, they are commonly assigned to factors
independent of the support material, such a catalyst carbon
shells or functionalization.[#26-428430431]

Within the literature, it is not clear if the BoL performance
of CNTs is higher than that of commercial PtC. For example,
Gupta et al.*2%l and Matsumoto et al.*?8 report higher current
densities for CNTs-based electrodes, reportedly due to well-dis-
persed Pt NPs and improved electrical conductivity. However,
both reports have significant limitations such as badly per-
forming PtC references, limited characterization, and narrow
explanations of the observed effects. Contrary to these reports,
Andersen et al."32 reported the initial performance of commer-
cial PtC to be 393 mW cm2 compared to 147 mW cm™2 that was
observed for PtCNT. Due to their nanoscale size, CNTs can be
manipulated into complex novel CL structures. This has led to
reports of highly engineered CLs; for example, Zhang et al.l*?/]
fabricated aligned CNT electrodes that were directly attached
to the Nafion membrane, as shown in Figure 37. The authors
report improved current density (605.88 mA cm2) and power
density (39723 mW cm2) at 0.65 V compared with a commer-
cial PtC sample (285.65 mA cm™2, 210.79 mW cm™2). The source
of this increased performance was reported to be lower kinetic
resistance and a larger ECSA was measured for the aligned
CNT CL when compared to the commercial sample. The source
of these may be due to the limited Nafion content in the CL,
resulting in it possessing a CL morphology similar to a NSTF.

CNFs are a class of nanomaterials distinct from CNTs, and
are being widely investigated as replacements for CB as cata-
lyst support.*?4 CNFs are typically 10-500 nm thick?% and

Figure 36. SEM and TEM of Pt nanoparticles on functionalized MWCNTs. Adapted with permission.3% Copyright 2012, Elsevier.
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Figure 37. Images of Pt nanoparticles decorated on aligned carbon nanotubes directly attached to a Nafion membrane. a) Shows a schematic of the
structure; b) SEM of the aligned CNT array on the Nafion membrane, with the right insert showing a cross-sectional image and the left insert showing
the whole Pt-loaded structure in a single cell. c,d) SEM images of the Pt nanoparticles on aligned CNTs after a single cell test. Adapted with permis-

sion.[*?’] Copyright 2010, Royal Society of Chemistry.

composed of graphene layers arranged parallel, perpendicular
and at 45° to the growth axis, as can be seen in Figure 38, with
each arrangement giving rise to different properties.*? The
structure of platelet and herringbone CNFs results in a regular
arrangement of nano-graphene sheets with their edges exposed
along the outside of the carbon nanofibers, which serve as
more favorable sites compared with the basal plane, for Pt
NP anchoring.}?% As a result of their much larger size com-
pared with CNTs, CNFs have significantly lower specific sur-
face areas.'®2 CNFs have been reported to have higher thermal
stability, electrochemical durability, and similar electrical con-

Fishbf>ne type Deck of cards type Parallel type
(Herringbone) (Platelet) (Tubular)
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Figure 38. Arrangements of graphene layers in three types of CNFs.
Reproduced with permission.*?l Copyright 2006, Springer Nature.
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432 433]

ductivity compared to CNTs.32 Wang et al.*¥ reported that
CNF-based CLs have almost identical performance to commer-
cial PtC under MEA testing, although the performance of all
materials in this study, including the references, were lower
compared to the wider literature. These differences in reported
performance make it difficult to determine which material is
superior. Andersen et al.**? reported the initial performance of
commercial PtC to be 393 mW cm™ compared to 195 mW cm™2
that was observed for PtCNF. Stevenson et al.*¥l reported a
similar trend with PtC achieving a maximum power density
of 756 mW cm™2 compared to that of 4990 mW cm2 for CNF,
although in this case the differences in Pt particle size (2.7 nm
vs. 4.6 nm, respectively) may explain the origin of this perfor-
mance difference.

Each nanomaterial has advantages and disadvantages that
should be considered. CNTs can be manipulated into complex
nanostructures with designed morphology. CNFs are resistant
to carbon corrosion, significantly cheaper and can be formed
into CL mats. However, they have low surface areas, less gra-
phitization compared to CNT, and often require functionaliza-
tion. Potential benefits of CNTs/CNFs are the inherent stability
of graphitized carbon, and unique CL layer design that could
yield highly porous electrodes. To investigate these opportuni-
ties, publications must either perform ASTs or develop and
characterize engineered nanomaterial-based electrodes. Using
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durability tests consisting of 5000 high voltage AST cycles,
Andersen et al.¥? investigated the carbon corrosion of Pt/
CNFs compared with Pt/MWCNTs and Pt/CB. They reported
that while the commercial Pt/CB sample saw a 50% drop in
ECSA and a 28% drop in maximum power density, Pt/MWCNT
showed an ECSA decrease of 20% and an improvement of 6%
in maximum power density after 10 000 cycles. Remarkably,
the Pt/CNF ECSA showed no net change and a 12% increase
in maximum power density. They suggest that the improved
stability of the Pt/MWCNT and Pt/CNF samples are achieved
through the reduced rate of carbon corrosion; however, further
AST studies and characterization on CNF materials should be
conducted to understand significantly reduced ECSA loss.320432]

4.8.2. Graphene, Spacers, and Novel Nanomaterial Morphologies

Since the enhanced nanoscale properties of isolated graphene
were first reported in 2004, graphene has grown to become one
of the largest areas of catalyst support material research.[*3*l Of
its various properties that originate from its 2D structure, gra-
phene’s potentially very high specific surface area, electronic
conductivity, and suggested chemical resistance compared
to CB make it a promising candidate for fuel cells.*3¢*7 Of
the various methods for producing graphene, the ones most
commonly used in fuel cell catalysis research are liquid phase
exfoliation and reduction of graphene oxide, produced using the
well-established Hummer’s method.*®! While graphene oxide
and its derivatives have higher electrical resistivity than pristine
graphene produced via methods such as CVD, its relatively low
cost, facile synthesis, and solubility in water make it readily
available for scale up.*® In addition, rGO and graphene oxide
(GO)-based supports are reported to improve Pt catalyst dura-
bility under catalyst stability cycling. This is typically explained
by the stronger anchoring interactions between surface func-
tional groups and the catalyst particles.}**-3!] However, oxygen
functional groups have been widely reported to promote carbon
corrosion of the support.[6%186:366,367]

Mardle et al.*3% reported the maximum power density of
rGO based electrodes was inferior compared to PtC, (128 vs.
314 mW cm™?), although this can be largely explained by the
eight-times lower ECSA values (2.7 vs. 19.8 m? gp, "}, respec-
tively). Ghosh et al.l’’% reported the use of tGO and critic acid
functionalized rGO to increase the hydrophilicity of the mate-
rial, allowing for better catalyst ink dispersion. In fuel cell
tests, the rGO and functionalized rGO supports had higher
power density than commercial PtC (maximum power density
426 vs 455 vs 314 mW cm™? respectively), with the largest
improvements in power density observed in the mass transport
regime. Furthermore, the catalyst durability was found to be
higher in the rGO and functionalized rGO support compared
to PtC (14%, 9% and 24% loss in ECSA measured on RDE
respectively). However, the ECSA and MEA performance of
the commercial reference material was significantly lower than
other literature sources and there was minimal information on
the chemical composition of the functionalized sample; hence,
a more depth analysis of the role that rGO determined in this
performance change is difficult. Heydari et al.l’’?l showed the
current density of a N-doped rGO MEA was higher compared
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Figure 39. Polarisation curves and power curves for Pt nanoparticles
supported by nitrogen doped reduced graphene oxide, compared with a
commercial PtC catalyst, at 80% RH at the cathode, H,/O, at flow rates
of 220 and 400 mL min™' at the anode and cathode, respectively, and
temperature maintained at 333 K. Reproduced with permission.’2l Copy-
right 2016, Elsevier.

to commercial PtC (as shown in Figure 39); the reason for this
was not explained in the publication, although in this case it
can be explained by the higher ECSA of the graphene-based
electrodes. Furthermore, the graphene-based electrodes were
reported to possess a significantly better catalyst durability com-
pared to commercial PtC, which showed a surprisingly large
96% loss in ECSA after 3000 AST cycles on RDE. The cause of
the N-doped graphene’s improved durability was not suggested,
and AST comparison to other MEAs were only performed on
RDE.

When reporting the performance of rGO based CLs, the cur-
rent or power density is typically cited as due to the higher elec-
trical conductivity of graphene.% Catalyst durability improve-
ment are commonly reported due to the anchoring effects of
surface oxygen functional groups. However, rGO and pristine
graphene have very different resistivities; furthermore, the role
of different catalyst NPs sizes are typically overlooked or seen
as a property of rGO, not an independent variable that can be
separately controlled, which has a huge impact on MEA per-
formance and durability. Support durability would be expected
to be reduced due to the presence of oxygen functionalized
groups and is rarely reported on. It is not conclusive from the
literature whether rGO offers better performance than existing
commercial PtC catalysts. Furthermore, rGO is fundamentally
limited by the high concentration of defects produced during
its synthesis, from which carbon corrosion can be initiated.l3?"
Further research is needed to determine if functionalized rGO
will surpass PtC in cost-effectiveness, usability, current density,
or durability.

Pristine graphene is chemically distinct from rGO as it does
not possess significant quantities of non-carbon functional
groups, although they will still exist on the edges of the sheets.
The lack of these groups results in pristine graphene forming
unstable inks.**!] Graphene nanoplatelets (GNPs) are typically
produced via the exfoliation of intercalated graphite and retain
a much more graphitic structure with fewer defects than rGO,
resulting in improved mechanical and electronic properties.??’!
Furthermore, the reduced concentration of structural defects
make it more resistant to carbon corrosion.+178186.225,321-324)
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Figure 40. Schematic of the fabrication of graphene-based CLs, which typically form low porosity electrodes. Different manufacturing techniques such
as the introduction of additives or spacers can increase porosity and widen the PSD.

The combination of these effects should, in theory, provide the
improved corrosion resistance required.l3?!) Multilayer graphene
(MLG) and GNPs have a strong tendency to restack due to van
der Waals forces between individual sheets or groups of sheets.
This inter-sheet attraction causes graphenes to agglomerate,
hence when deposited they form low porosity electrodes with
tortuous gas transport pathways.’”!l This was highlighted by
Marinkas et al.*2 who (among many others) reported the per-
formance of entirely MLG-based MEAs was significantly worse
than commercial PtC, suggested to be as a result of mass trans-
port limitations caused by the low porosity restacked MLG CLs.
One component of this reduced performance was significantly
lower OCV in high MLG content electrodes, most likely due to a
very low proportion of accessible Pt combined with high trans-
port resistances causing a very low kinetic current.*¥! Com-
binations of CB and MLG achieved higher performance com-
pared with pure MLG, although this was not compared against
CB reference. Furthermore, this report compared samples with
Pt loadings from 0.1 to 4.2 mgp, cm™2, with no two electrodes
possessing the same loading and the lack of morphological data
such as PSD or CL thickness make comparison between the
different electrodes in this study very difficult. Graphene based
electrode typically utilize spacers to mitigate the propensity for
large sheets to restack during the manufacturing process as
shown in Figure 40.571#3-48] Here, spacers are defined as any
additional non-graphene support material that is added to the
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CL to improve performance. Adding spacers improves perfor-
mance but introduces a second, potentially less stable, carbon
phase.*3l This can lead to a trade-off between performance
and catalyst durability.?*®) The carbon corrosion performance
of mixed carbon supports have not been widely investigated.
Sung et al.*’! reported that the inclusion of even a small per-
centage of MLG improved power density of commercial PtC by
roughly 20%, with 0.1 wt% being the optimum graphene con-
tent. Furthermore, they reported that the inclusion of 0.1 wt%
graphene resulted in a 3.7 times slower degradation rate than
without graphene. However, this performance enhancement
was attributed to the higher electrical conductivity of graphene;
no mechanism was suggested for how such a small amount
of graphene could have such an outsized impact or the origin
of the superior durability. Detailed PSD measurements, more
easily comparable ASTs, and repeat measurements would be
needed to clarify how and why the performance and durability
of the electrode improved so significantly with only a small per-
centage of graphene.

The most commonly researched spacer is CB, which is used
in varying amounts across many studies to alter the electrode
structure and its resultant performance. Arici et al.’?! com-
pared an in-house prepared PtC sample with Pt/GNP and a
50:50 hybrid of the two materials. Similar to their previous work,
they suggested that the addition of CB effectively inhibits the
restacking of the GNPs, but no morphological characterization
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Figure 41. Polarization curves of a) PtC and of b) a hybrid mixture of PtC and Pt/graphene oxide, before and after applying a voltage of 1.4 V for 3 h.
b) Inset shows activity of Pt/GO catalyst without any added PtC. Reproduced with permission.*® Copyright 2014, Elsevier.

was performed to support this.?7?3#5] In further work by the
same group, Dag et al.’?] performed a similar study, comparing
the initial performance and durability of different ratios of CB
to GNP. After a 24 h hold at 1.4 V, the MEA composed of 60:40
GNP:C showed the highest durability, with only half the loss of
ECSA when compared with PtC. In both of these reports, the dif-
ferences in Pt catalyst size between novel and commercial sam-
ples make it difficult to determine the separate contributions to
durability from the novel support and smaller particle size.

The addition of spacers has been widely used to increase
the performance of rGO as well as pristine graphene, due to
similar enhancements of porosity and Pt utilization. Typi-
cally, varying amounts of spacer material is added to a Pt/rGO
catalyst, such as in work by Park et al.,** who showed that
spacers increase the distance between graphitic sheets and
hence increase Pt utilization and mass transport. They reported
that the ECSA increased from 32 to 50 m? g'! as CB content
was increased from 0 wt% up to 25 wt%, due to greater acces-
sibility of trapped Pt particles in between graphitic sheets.
Sanli et al.®] and others from the same group!®**! utilized
CB to reduce restacking and improve MEA performance in rGO
electrodes.l’”*] They reported that the optimum CB loading
was 25% and this outperformed 100% PtC. While they jus-
tify the improvement of rGO due to enhanced mass transport
and Pt utilization, they did not explain why the performance
of 100% rGO significantly outperforms 100% PtC. In both sets
of studies, it was observed that above 25% CB, any additional
CB reduced performance. This was suggested to be due to
excess CB blocking Pt NPs, thereby reducing the number of
active catalyst sites present in the CL. This theory has also been
reported in other studies,% although it suggests that commer-
cial CB-based electrodes would have a significant issue with low
Pt utilization, which is not the case. This rationale has never
been directly experimentally verified; a better explanation for
the improved performance is that 25% CB forms a favorable
CL morphology with a porosity and electrode thickness that can
achieve high mass transport and Pt utilization.

Jung et al.?%] reported CLs based on mix of CB and rGO at
different ratios, showing that while higher quantities of rGO
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reduced ECSA, they also increased catalyst durability under
RDE. After holding single cells at 1.4 V for 3 h, the PtC catalyst
saw a 45.4% loss in current density at 0.6 V, compared with
only a 177% decrease exhibited by the hybrid catalyst containing
20% Pt/rGO, although the absolute current density after 3h of
ASTs were very similar (550 vs 600 mA cm™ respectively). The
majority of the activity loss measured in polarization curves
of the PtC material was observed at high current densities as
shown in Figure 41. This was suggested to be caused by the
agglomeration or loss of Pt NPs, supported by TEM investi-
gations, which showed reduced catalyst agglomeration in the
hybrid systems. However, the activity change measured was only
in the mass transport region of the polarisation curve, which
would suggest it was not due to only reduced ECSA changes.
It is possible that due to their ASTs employing a constant high
voltage of 1.4 V, the authors were also unintentionally meas-
uring carbon corrosion of the support. While it is clear that rGO
is providing some catalyst durability enhancement, the atypical
AST used and the lack of detailed morphological imaging make
it difficult to determine the origin of improvements in the
mass transport region. Xin et al.” found that CL formed from
functionalization of rGO with PBI polymer had significantly
reduced current density, improved durability compared with
commercial PtC. Without the presence of a spacer, the mesopo-
rosity of the graphene-based electrodes was shown to be close
to zero, with the Nafion ionomer filling the gaps between gra-
phene agglomerates and the resulting performance was very
low. With the inclusion of a functionalized CB spacer, mercury
porosimetry measurements showed the emergence of larger
secondary pores, indicating the spacer (50 wt%) was effective
in inhibiting the restacking of the graphene, which resulted in
reduced mass transport losses. Initially, PtC was reported to
achieve significantly higher current density, although after a
10 000-cycle carbon corrosion AST, the hybrid rGO CL impres-
sively showed only a small change in performance and ECSA
while PtC showed no electrochemical activity after the AST. The
improvement in durability was suggested to be as a result of
the PBI functionalization, which both stabilized Pt NPs and
the highly reactive parts of the support material, thus limiting
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Figure 42. SEM micrographs of a) N-graphene, b) bare foam used as substrate, c) Pt@N-graphene on foam, and d) carbonized Pt@N-graphene foam.

Adapted with permission.’’3l Copyright 2016, Royal Society of Chemistry.

the number of available sites from which carbon corrosion can
occur. The above studies all report performance improvements
when using graphene-based CLs with a second spacer carbon
support introduced. The addition of a spacer forms a more
favorable CL structure and hence improved mass transport and
Pt utilization. However, the publications are rarely accompanied
by PSD, porosity data, or images of the morphology; therefore,
the analysis is often limited and the optimized morphology of
these materials remains unknown.

To circumvent the problem of graphene restacking alto-
gether, research has been conducted into novel, 3D graphene
structures,#?®1452]  which exhibit higher specific surface
areasi*3%4 and porosities.’”?! Liu et al.**¥ developed a gra-
phene foam through a simple synthesis method via the com-
bustion of sodium ethoxide. This produced a highly porous
graphitic support, although performed worse than commercial
PtC tested in an MEA. This was most likely due to the unop-
timized Nafion content and homogeneity of the graphitic
support, particularly in a relatively uncontrollable synthesis
such as simple combustion. A more complex synthesis for a
3D graphene-based architecture and nitrogen doping was
reported by Karuppanan et al.,’”3l SEM of which is presented in
Figure 42. They reported significantly improved power density
from nitrogen-doped graphene (289 mW cm™2) and 3D foam
structure (294 mW cm~2) compared to PtC (201 mW cm™2).
This was attributed to the improved electrical conductivity of
graphene, highly porous 3D structure and nitrogen facilitating
a homogenous spread of catalyst particles. A wider PSD could
be expected to improve performance of the MEA, particularly
in the mass transport region. However, it is unclear why the
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traditionally fabricated graphene MEA so outperformed com-
mercial PtC, which has a well-established pore structure and
typically achieves very high performance. The pore structure of
this CL morphology needs to be quantified in order to under-
stand the benefits of this architecture.

4.8.3. Graphene/CNT Hybrid CLs

To take advantage of the benefits that nanomaterials present
they can be combined with other materials that compliment
their structure or properties, this technique has produced a
number of promising hybrid CLs. The most straightforward
way to achieve this is to mix exfoliated GO and CVD-grown
MWCNTs before deposition of Pt NPs, producing graphene
with MWCNTs between the layers.[**l Work by Aravind et al.*’]
achieved a high maximum power density (675 mW cm™) from
a similar system of Pt/rGO/MWCNTs, nearly double that of Pt/
rGO on its own. The improvement was attributed to the CNTs
acting as both a spacer and as a conductive pathway between
the rGO sheets, increasing the number of available triple-phase
boundaries and improving effective mass transport at high cur-
rent density regions. However, this report did not compare the
rGO or MWCNT/rGO CLs against commercial PtC. Further
work by Aravind et al.*8] reported wrapping MWCNTs with
rGO. Defects in the rGO were shown to allow for the deposition
of Pt NPs on the hybrid material without the need for harsh
acid treatment typically required in the functionalization of
MWCNTs. They reported MWCNT/rGO composites achieving
maximum power densities of 661 mW c¢cm™2, compared with
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Figure 43. TEM (a—c) and HRTEM (d) of a novel MWCNT-rGO “sandwich” structure, decorated with Pt nanoparticles. Adapted with permission.>l

Copyright 2011, Royal Society of Chemistry.

376 mW cm™? for a commercial PtC catalyst. The performance
achieved by the reference PtC value was low, particularly given
the Pt loading. The authors reported the improved performance
was due to higher support conductivity and the “2D polyelectro-
lyte”. However, it is unclear exactly what is meant by this term.
While rGO is significantly more hydrophilic than CB and there-
fore would act to retain proton-conducting water, intrinsically it
is not an electrolyte. Given this, it is unclear why rGO wrapped
MWCNTs achieved such a large performance improvement
compared to commercial PtC. A novel, sandwich-like structure
of graphene/CNT was achieved by Sahoo et al.l*% by growing
MWCNTSs on functionalized GO, resulting in MWCNTS trapped
between rGO sheets, displayed in Figure 43. Polarization curves
showed an improved maximum power density for the hybrid
material compared with commercial PtC and Pt/rGO samples
(382 mW cm™? vs. 289, 141 mW cm™2, respectively), report-
edly due to its decreased electrical resistance. While electrical
resistance would have an impact on current density, it would
not be expected to introduce this much difference between
the samples. Furthermore, the OCV achieved for the PtC and
rGO was 0.889 and 0.987 V, respectively; since OCV is mainly
dominated by the catalyst, this significant variation can only be
explained by a very low Pt utilization in their reference mate-
rial. This point was not discussed in the publication or viewed
as an important factor in discussing why the different support
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materials achieved different power densities. Due to this over-
sight it is not facile to interpret and compare the data between
these two materials.

4.9. Conclusion and Outlook

To achieve the highest performing and most durable PEFCs,
porosity, support material, functionalization, and CL design all
need to be optimized relative to each other as they are interde-
pendent. For this reason, it would be impossible to determine
a singular best performing material/CL. Different materials,
morphologies, and functionalizations will each be useful at dif-
ferent operating conditions for different purposes. The relation-
ship between these different aspects of CL design is important,
for example, at a set ionomer ratio and Pt loading in a thicker
and more porous electrode may result in improved Pt utiliza-
tion and improved gas transport. However, using thicker elec-
trodes may result in reduced proton and electrical conductivity.
Understanding the interplay between these variables in each
unique CL system is key to optimizing performance. Publica-
tions which compare current or power density should attempt
to keep porosity, ionomer content, thickness, and catalyst size
the same (if these are not being deliberately varied) when
comparing different MEAs, or at least acknowledge and include
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in their analysis the role these CL properties play on perfor-
mance. There are several intertwined main limitations to CL
performance, catalyst utilization, proton conductivity, and mass
transport. Optimizing pore structure has been shown to sig-
nificantly improve catalyst utilization, mass transport, and con-
trol flooding while a homogeneous ionomer can also improve
catalyst utilization, proton conductivity, flooding, and mass
transport. Most importantly, these need to be optimized for the
particular structure and operating conditions with performance
limitations induced by too much, or too little of either. While
pore structure is often a consequence of support material (as
discussed in Sections 4.2 and 4.8), it is also affected by the man-
ufacturing technique used (Section 5). lonomer distribution is
mostly governed by the nature of the support surface functional
groups and the ionomer used (Section 3).

One of the requirements for wide-scale commercial uptake
of fuel cells is improvements in durability. The origin of
the improvements to catalyst durability by effects such as
anchoring are not well understood, more fundamental investi-
gations of these effects can yield valuable information about the
optimum support material doping or functional groups. Often,
reports suggest improvement to catalyst durability without
mentioning potential losses to support durability, these can be
estimated independently using the ASTs defined by the DoE.
Furthermore, support corrosion is one of the key mechanisms
of fuel cell performance degradation, and efforts should be
made to report this key parameter for novel materials. It is also
important to understand the impact that CL morphology has
on support corrosion and electrode thinning. Studies suggest
that electrode thinning is not simply due to carbon corrosion
but also structural changel™®®32%34 and flooding,® although
the mechanisms are not thoroughly understood. Significantly
more research is required to understand electrode thinning and
how the CL morphology can be utilized to mitigate corrosion,
as highlighted by Zhang et al.>*] and Brodt et al.’?% among
many others. Novel support materials such as metal oxide and
nanomaterials offer improved durability. As with most new
materials, there are potential benefits but also drawbacks. Metal
oxides have been reported to improve support durability but
also possess different degradation mechanisms which need to
be compared to carbon under realistic testing conditions.

A wide range of nanomaterials have been investigated as a
potential solution to many of the issues facing fuel cells. Highly
graphitized carbons show some promise regarding their dura-
bility, although they typically suffer from a lack of porosity
and reduced ionomer coverage.®®7:324351 Surface functional-
ized materials such as rGO have been reported to outperform
PtC,?70372440] although the origin of these effects vary and are
typically associated with higher ECSA, ionomer distribution,
or an anchoring effect due to oxygen functional groups. The
potential support durability ramifications of these functional
groups needs to be further explored. This is highlighted by cata-
lyst and support durability of rGO being rarely reported in the
same publication. The catalyst and support corrosion mecha-
nisms are distinct and are affected by different aspects of sup-
port material chemistry and CL morphology, so must be con-
sidered independently. However, they are concurrent, and both
impact the real-world operational durability of a PEFC. Publica-
tions should attempt to describe at least briefly all aspects of a
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materials performance rather than ignoring parts that do not fit
the narrative.

It is key for the fast development of fuel cells that experi-
mental results are published in a manner that allows easy com-
parison between different materials, while this should be the
priority of any publication, it is often not the case. For example,
reports can fail to consider the impact of particle size as a sepa-
rate issue when considering the impact of functionalization or
choice of nanomaterials. While sizel”®3% and location[394456]
of deposited catalyst particles is a property of support material,
it can also be independently controllable. This review has dis-
cussed several examples where the role of catalyst size variation
between different samples on performance and durability is not
discussed, which makes interpretting these results not facile.
Some publications, due to the lack of characterization and
explanation of the observed performance changes, do not aid
in the widespread understanding and development of PEFCs.
The lack of comparability between results is likely to have
played a significant role in the fact that, despite two decades of
research and the development of large scale graphene manu-
facturing, there is no clear consensus if graphene is superior
to commercial CB. It is therefore suggested that every study
should contain at least one standardized polarization curve for
both the novel material and a commercial PtC catalyst, obtained
under parameters described by an established reputable body
such that it is possible to make quantitative comparisons with
existing literature. Ultimately, it is the goal of a publication to
facilitate understanding, this requires thorough explanation of
observed effects or enough ancillary data to build a complete
picture of the system in question. Furthermore, it is the role of
authors, editors, and reviewers to insist upon higher standards
for comparative materials and to expect more detailed struc-
tural characterization in publications. Particularity those that
help to deconvolute the various parameters that impact perfor-
mance. For example, CO, exhaust measurements can be used
to directly compare the levels of carbon corrosion occurring for
commercial catalysts and novel catalysts. TEM and SEM have
been used to identify changes in NP and ionomer distribution.
Porosity, PSD, and X-ray CT measurements are used to estab-
lish changes to macroscale morphology that occur as a result
of degradation. Investigation of these processes in-operando
would also help understand the changes ongoing in MEAs. In-
depth characterization of novel materials and functionalization
strategies will allow the scientific community to understand the
tools at our disposal. Understanding the tools and the limita-
tions will permit the development of next-generation electrode
morphologies, materials, functionalization, and structures,
which will in turn allow the development of durable, high-per-
forming MEAs, changing the future energy landscape.

Some publications discussed within this section have very
poor performing reference materials, making comparison
with literature non-trivial. This problem is particularly acute in
the nanomaterials segment of PEFC literature. A true assess-
ment of which support nanomaterials are best performing
from the literature is very difficult not only due to the hugely
varying parameters used when testing novel catalysts, but also
due to a lack of clear trends in materials performance. This is
best conveyed by a direct comparison of both novel and refer-
ences materials, as shown in Figure 44. This figure attempts
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Figure 44. Maximum power densities and Pt loading of novel carbon nanomaterial MEAs, compared with commercial PtC MEAs where applicable.
Solid bars represent samples that were tested using oxygen at the cathode; cross-filled bars used air at the cathode. Examples marked with an *applied
a back pressure during the polarisation curve tests. The references are as follows: i,457] ii 31 jij #27] jy, [428] y, [458] j 3711 i (4261 yijji [443] i 73] x (One power
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to show the disparate nature of published MEA test results
for both nanomaterials and their commercial PtC references.
Despite various standardized testing protocols put forward by
bodies such as the US DoE, in the studies detailed here, only
rarely did studies use identical sets of parameters for obtaining
polarization curves, with operating temperatures ranging from
40 to 80 °C, cathode gases differing between pure oxygen and
air, and catalyst Pt loading differing in almost every instance.
This is most clearly reflected in the power densities obtained
not for the novel materials themselves, but in the commercial
PtC samples used to benchmark their activity. Several authors
did not report a reference material,***! used a pure Pt electrode
instead of a typically carbon black one,*®l or used literature
data instead of measuring their own.*”l The current densities
reported for the reference materials for nanomaterial PEFC
based publications have a huge variation and are typically lower
than that achieved by commercial CB reported from other
sources. This issue is highlighted when observing the lack of a
trend between Pt/C reference power densities and Pt loading.
While it is only natural for research groups to only spend time
optimizing the novel structure and material they are working
on, using a reference sample that achieves a lower than typi-
cally observed current density significantly devalues the whole
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[446]

experiment. This can be due to many factors, such as particular
MEA design, testing systems, and flow-field design, among
many other factors. Broadly speaking, it is not in the interest
of research groups to optimize the commercial reference mate-
rial, and groups new to the fuel cell field have less historic data
to compare to. The values presented for PtC vary across the
studies from =178 to 700 mW cm™2, as can be seen in Figure 44.
Furthermore, despite the corrosion resistance of carbon nano-
materials being a key property that drives the motivation for
research into their use, only two studies were found to have fol-
lowed well defined corrosion testing protocols, while 4 used in-
house cycling protocols, 6 used constant voltage protocols, and
17 omitted corrosion testing. Suggestions for making future
publications significantly more easy to compare are discussed
in Section 6.

5. Catalyst Layer Preparation Methods

5.1. Introduction

Manufacturing the CL and the MEA are essential steps in the
process of creating a working fuel cell. Once the catalyst ink
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has been prepared, it is adhered onto a substrate to form an
electrode. The two electrodes are assembled on either side of
the membrane to prepare the MEA and then the cell can be
tested. Within this process, there are a large number of vari-
ables that can lead to changes in the final performance of the
MEA. This includes the ink composition, the substrate used,
the CL manufacturing method, if the MEA is hot pressed, and
the pressure applied in the cell assembly. Critical for the per-
formance is the choice of manufacturing technique, for which
there are a wide range of options depending on the application
and target end-use.

The first choice to be made in the manufacturing process
is the ink composition, which depends on the specific cata-
lyst, support and ionomer used, and the solvent chosen must
be appropriate for the manufacturing and CL substrate. The
CL can be applied directly onto the membrane producing a
catalyst coated membrane (CCM), whereas applying it to the
gas diffusion medium (GDM) produces a gas diffusion elec-
trode (GDE), sometimes called a catalyst coated substrate
(CCS). As mentioned in the Section 1, the GDM consists of
the GDL as well as the microporous layer (MPL), which is a
carbon and PTFE containing layer that aids with water man-
agement and physical integration between the GDL and CL.
Next, the MEA is prepared, hot pressing is a common choice
of method, with either the GDM being pressed onto the CCM
or the GDEs being pressed onto the membrane. Finally, the
MEA is assembled in the fuel cell casing for operation, with
clamping pressure being applied. Each step in this workflow
has the potential to change the morphology of the electrode,
as well as its performance (especially given the intrinsic link
between micro-/nanostructure and performance) and they will
be analyzed in turn below.

5.2. The Role of Ink Formulations

As detailed in Section 3.6, the ink composition has a significant
impact on the surface and internal structure of the prepared
CL. This has an effect on gas penetration, proton-conduction
pathway, catalyst utilization, and durability.?!/|' The solvent,
which determines the ionomer conformation and ion-pair clus-
tering, directs the size, shape, and dispersion of aggregates
and thus must be well considered. Ionomer solubility generally
increases with solvent polarity, which causes a decrease in pri-
mary aggregate size.’® Greater solvation of both the ionomer
main and side chains (such as in NMP) result in homogenous
aggregation producing tough, crack-free, and coarse microstruc-
ture of cast CL.’®) Main- and side-chain mobility in the solvent
influences how ionomer interacts with the catalyst and support
particles, effecting ionomer distribution, thickness, and phase
separation on the surface and within pores of the PtC agglomer-
ates, or remaining as free ionomer.?”’] Therdthianwong et al.*%l
reported on the effect of solvent on the performance of CLs,
finding that IPA formed the highest power density electrodes.
CCM electrodes prepared using IPA were proposed to benefit
from the low & solvent interaction, allowing superior attach-
ment and surface coverage of CL to the membrane, minimizing
contact resistance between the two phases.?® Low ¢ solvent
was also directly observed via SEM to facilitate impregnation
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of ionomer into the hydrophobic GDL during fabrication, pro-
viding a well-distributed, porous, and uniform structure, rather
than highly polar solvents that remained at the surface of the
GDL.?%% Further work by Takahashi et al.“! hypothesized that
having a larger alcohol content in the ink resulted in a dried CL
with high ionomer coverage but slightly inferior performance.
By contrast, a high water-content ink resulted in dried CLs with
heterogeneous and low ionomer coverage but slighter better
performance. From this, they concluded that a near equal mix
of alcohol and water had the best performance, with optimized
pore structures, ionomer distribution, and catalyst activity. This
shows that the ink properties that induce appropriate bulk struc-
ture of the CL must also be optimized with consideration of the
interaction at the interfaces of GDL and PEM.

Changing the ionomer conformation and assembly can cause
the PtC/ionomer agglomerate particles to form tightly bound
structures, with little to no porosity, or form large, connected
agglomerates with significant internal pore structure. Aggregate
size within ionomer—solvent dispersions has been reported to
increase with ionomer concentration because of reduced elec-
trostatic repulsion between sulfonate groups.?””! In addition,
low pH solvents favor side-chain extension into the solvent,
due to electrostatic attraction, reducing particle aggregation,
and inducing linear conformation.”””! Through the use of cryo-
TEM and ultra-SAXS, surface functionalization has been shown
to allow control over agglomerate stabilization. Yang et al.3¢4
reported different-sized aggregates form after the addition
of Nafion ionomer to functionalized and non-functionalized
CB dispersed in water:IPA (3:1). The electrostatic interactions
between CB and ionomer dominated the aggregate-forming
mechanics and was found to be heavily influenced by the CB
surface functionalities. NH,-functionalized CB led to 58% aggre-
gate size increase as Nafion was added to the dispersion. This
was ascribed to the attraction between the positive charge that
can occupy the NH;* functional groups and the negative charge
on the SO*. Interestingly, when Nafion was added to nega-
tively charged SO;H-functionalized CB, aggregate size change
was negligible (-1%).2% F NMR and XPS studies showed
that sulfonate group interaction with the support increased
with degree of oxygen surface functionalization, and was even
greater for carbon supports with nitrogen-containing functional
groups.28428] Larger agglomerates formed from these stronger
support-ionomer interactions will significantly impact CL struc-
ture and likely induce greater pore volumes for gas transport.[26%]

An appropriate final CL structure also requires the solvent
system to be used with complementary deposition para-
meters. An important relation between ink and CL morpho-
logical changes occurring within the meso- and nanopores
of the CL during ink drying, was monitored with SANS
by Kusano et al.l*®2 It was found that the dehydration of the
ionomer and loss of solvent during drying partially collapses
the pore structure of the CL.2 The group found that by using
PFSI ionomer, the mesoporosity of the CL could be somewhat
retained during ink drying; however, the effect this had on
performance was not reported. Suzuki et al.’*® reported that
this porosity and PSD were affected by the ink drying rates,
with slower drying reducing porosity. The capillary force was
found to have more time to displace aggregates into low con-
tact regions with slower rates and resulted in a loss of porosity
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during long drying times. In contrast, comparably fast sol-
vent removal during deposition largely improved the distri-
bution and adherence of the CL, reducing the mass transport
resistance. A comprehensive investigation by Therdthian-
wong et al.l*% on CCMs revealed some key solvent parameters
to be considered for optimal CL performance. Very low sol-
vent boiling points can impact structural properties, inducing
cracking in CL prepared with acetone due to rapid evaporation.
Efforts should be taken to ensure all residual solvent has been
removed, particularly for high boiling point solvents, as residual
solvent has been reported to inhibit agglomerate structure for-
mation by residing in the pores after drying, with a resultant
increase in mass transport resistance.”””” The CL performance
also benefited when using solvents with viscosity =1 cP, this
was suggested to be due to improved CL homogeneity and good
adhesion to the membrane, compared to solvents with lower or
higher viscosities. The combination of solvent properties such
as viscosity, dielectric constant and ionomer swelling ratio were
all shown to impact the resultant CL distribution, membrane
adhesion and cracking.*% While this performance-based study
provides insight into optimal solvent choice, they fail to con-
sider a multitude of competing factors. For example, using a
constant casting and drying temperature did not provide a
fair comparison of the vastly differing boiling point solvents.
Based on the importance of drying time and solvent removal,
a fairer procedure may have kept the drying temperatures con-
stant relative to solvent, that is, 10 °C below the specific solvent
boiling point. In addition, the ink fabrication commonly uses
a commercial Nafion in alcohol dispersion, which may con-
tribute to enhanced performance in pure alcohol inks, while
small alcohol content could negatively affect other solvent sys-
tems.”] As highlighted by Talkudar et al.,?®l there is limited
research into drying techniques and it is recommended as an
area for future research.

5.3. Manufacturing Method

The manufacturing process used to form the MEA can sig-
nificantly influence the structure of the CL and hence the fuel
cell performance. There are a wide range of manufacturing
techniques available for CL preparation such as rolling, spray
coating, and screen-printing among many others. Lee et al.}"
emphasized that the method used for CL preparation has a sig-
nificant impact on the final CL morphology, including porosity
and thickness. The critical interplay between morphology and
performance was also highlighted by Khandavalli et al.,[?#*! who
showed that the CL microstructure is primarily controlled by
the fabrication process, which includes the ink dispersion. As
outlined by Kundu et al.*® morphological defects in the CL
arise during manufacture and can be classified into various
groups, like cracking, catalyst/ionomer clusters, or variable
thickness (Figure 45a—c). These defects are expected to nega-
tively affect fuel cell performance and degradation; manufac-
turing techniques can be carefully selected to minimize such
defects. However, Kim et al.l*4 suggested that a certain level of
cracking was beneficial for fuel cell performance. By mechani-
cally stretching the membrane to induce cracking of the CL,
the authors found that some cracking improved mass transport
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Figure 45. SEM images showing various CL defects, such as a) catalyst
clustering, b) cracking, and c) thickness variations. Adapted with permis-
sion.1*63 Copyright 2006, Elsevier.

losses of the cell, while ECSA stayed constant. Further work is
required to understand the nanoporosity and durability changes
occurring as a result of different degrees of cracking.

Early CLs were prepared by hand-painting the ink onto the
substrate using a brush,*% but disadvantages of hand-painting
techniques include a low level of precision and poor reproduc-
ibility. This method could result in CLs with uneven thick-
nesses, as shown in Figure 45c, which could affect the local-
ized performance and current distribution of the MEA. Other
CL manufacture techniques have been developed that pos-
sess a large increase in availability and scalability of different
processes. Descriptions of preparation methods have been
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Figure 46. Schemes of several electrode manufacturing methods.
a) Scheme of roll-to-roll production technique for PEFC and DMFC MEAs.
Adapted with permission.*8l Copyright 2000, Elsevier. b) Sono-Tek Ultra-
sonic Spray system. Adapted with permission.¥? Copyright 2011, Elsevier.

reviewed elsewherel*647] and are widely classified into catego-
ries such as spreading and spraying methods. Although from
the perspective of this review, manufacturing is best considered
from the relative ease and cost of use in an academic or com-
mercial environment and the impact that techniques have on
CL morphology.

A factor in the choice of electrode preparation technique
is the application; industrial applications will generally use a
method like roller applied deposition, doctor blading, or screen
printing to quickly deposit the correct amount of ink onto the
substrate in a single action. This simplified and quick approach
to fabrication makes it attractive for commercial MEA manu-
facturing. Roller-applied methods involve the deposition of the
ink onto the membrane through a nozzle followed by feeding
through a roller to smooth out the ink (Figure 46a).*% In
doctor blade techniques, a well of ink is fed down onto the
substrate behind a blade, with a gap between the blade edge
and the substrate. The blade is then pulled across the substrate
(or vice versa), forming a CL with a smooth consistent thick-
ness.[?’8 Owing to the ability to feed large volumes of substrate
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through the mechanical rollers, there have been efforts to dem-
onstrate efficient roll-to-roll MEA preparation techniques using
these methods,*? which improves the efficiency and cost of
the manufacturing process. Recently, Mauger et al.[¥’% reported
the use of roll-to-roll coated GDEs to manufacture CLs that had
performance almost matching that of spray-coated CLs with an
additional ionomer layer. They also reported that, due to the
different drying mechanics between layer-by-layer and a thick
liquid film, an ionomer gradient was observed in the roll-to-roll
coated GDEs, similar to those discussed in Section 4.4, reducing
CL/membrane interface resistance. This demonstrates the
structural implications of different manufacturing techniques,
in particular how it impacts the complex drying mechanics of
the different components of the CL. Screen printing is another
typically single action manufacturing technique, achieved by
selecting a mesh of the desired thickness, through which the
ink is stamped onto the electrode surface to achieve a uniform
pore distribution.!] Varying the size of the mesh allows for dif-
ferent loadings to be applied. This can be extended to the crea-
tion of variable loading CLs, where the CL thickness changes
across the surface of the CL, with the aim of evening out the
current density across the MEA.¥ While better than hand-
painting in terms of precision,?! this method for CL prepara-
tion is quite complex and it has been highlighted that it would
not be especially useful for industrial applications.’?l These
single action printing techniques require pre-existing knowl-
edge of the material ratio to achieve particular thickness or Pt
loading. To achieve this requires trial and error experiments
to make MEAs at different thicknesses, the Pt loading of each
MEA is then measured to determine the correct thickness. If
there is a significant change in the CL composition, such as a
change in support material or Nafion ratio; this trial and error
approach must be repeated with the new formulation to deter-
mine the correct loading and thickness. As such, single action
printing methods are not the most agile research tool but are
potentially more commercially relevant.

Layer-by-layer techniques offer the advantage that practi-
tioners have greater control over the resulting loading of the CL,
and importantly for laboratory-based research can stop part way
to evaluate the manufacturing progress. Spraying methods are
one of the most common layer-by-layer depositions methods, as
spraying machines and technologies have improved and become
more readily available (Figure 46b). In these methods, the prop-
erties of the jet of ink being directed at the substrate are tuned
to optimize the deposition. Spray systems can handle a range of
materials, thus the MPL, CL, and membrane can all be depos-
ited in order to create a CCM. Although automated systems are
now common, handheld airbrush methods where the operator
controls the speed and direction of the spraying onto the sub-
strate are still widely used, partly due to their low cost and ease
of use 1473451 Work by both Mack et al.l¥’4 and Hwang et al [l
have demonstrated that spraying of the CL onto the substrate
results in an electrode with fewer cracks than those prepared
using doctor blade or screen-printed techniques. Spray-depos-
ited MEAs are also reported to outperform painted MEAs due to
homogeneous distribution of the CL across the substrate.[3!>3%2
Parameters such as the spray gun inlet pressure, annulus,
drying rates, and ink composition have shown to alter the per-
formance of the MEA by changing the resultant pore structure,
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Pt, and ionomer distribution of the CL.’™>#° Reports also
indicate that a mist-like spray and smaller droplet size gives a
better performance due to improved porosity.3?3#° While hand-
held techniques are not suitable for scale-up, automated spray
systems are widely available for industrial scale manufacturing
procedures of scalable uniform MEAs. This is particularly
advantageous in the research laboratory, where reproducibility
is crucial when screening novel catalyst materials. The tunability
of spraying techniques makes them good candidates for the
production of uniform CLs, and obtained understanding could
easily be applied to automated adaptations. Recent advances in
spraying methods have seen the development and use of ultra-
sonic spraying techniques (Figure 46b),1382#%#8] which can pro-
duce high-performance electrodes.?>!] The advantage of using
an ultrasonic nozzle is that the highly uniform spray of small
droplet sizes can be produced at low flow rates.¥”) Examples of
ultrasonic spraying include the use of the technique for deposi-
tion of Ni nanowire containing catalysts,””! fine-tuning of the
CL properties,82l and understanding how the solvent of choice
affects fuel cell performance.’®! Ultrasonic spray techniques
have also allowed for the creation of MEAs that are entirely
spray-coated, such as that reported by Klingele et al.*®% Electro-
static spraying is another spray method for preparing CLs, 323481
where a potential is applied between a spray head containing
the ink and the substrate, such that the negative charge of the
ink is attracted to the positive charge of the substrate. This prin-
ciple is applied in a number of industries where good control
of ink spraying is required, such as the spraying of car bodies
in vehicle manufacture, which highlights the suitability
of the technique for industrial manufacture of CLs. The main
advantage of electrostatic methods is that only areas that have
an electric charge are sprayed, which improves ink utilization
since less material is lost by overspray around the CL edges.¥2
Electrosprayed MEAs have been reported to show improved
performance compared to other spraying methods, partly due
to higher pore fractions facilitating mass transport within the
CL.323483] Takahashi et al,??l reported that changing the manu-
facturing method from pulse spray to electrospraying increased
porosity and pore size, which resulted in a higher performing
MEA. However, it is not clear what fundamental aspect of the
electrospraying process caused this change in porosity. They
found that electrospray allowed use of a lower ionomer content,
which resulted in higher ECSA due to better ionomer distribu-
tion and improved porosity. Interest has also arisen in the use
of inkjet printing for preparation of CLs, partly due to its com-
mercial potential and ease of upscaling. Furthermore, inkjet
printing allows for greater automation and a large degree of
control over CL thickness and Pt loading, particularly at ultra-
low loading 15434461 Shulka et al*® reported that inkjet
printing achieved higher performance compared to traditional
spraying methods due to improved proton and oxygen trans-
port. However, in this report, the Pt loading and thicknesses of
the compared MEAs were quite different, with the most loaded
screen printed CCM being 0.031 mgp, cm™ (1.68 um) while the
spray-coated CCM was 0.1 or 0.4 mgp, cm™2 with only the most
loaded CL thickness of these two being reported (10 pm). Given
the unequal catalyst loadings, it is not clear in this comparison
what is the resultant morphological and subsequent perfor-
mance difference between these two techniques.
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Electrospinning is another commonly utilized manufacturing
route that has been shown to have great potential. For example,
Zhang et al.,3* and later Brodt et al.?? from the same group,
prepared a CL based on electrospun commercial PtC, which
formed into strands. These were ambiguously referred to in these
publication as carbon nanofibers. This should be considered an
erroneous designation as the materials are significantly different
from the CNFs discussed in Section 4.8. They reported a 40-50%
drop in ECSA after AST, and a 5-10% loss in power density at
0.65 V after 10 000 cycles for both electrospun catalyst and a com-
mercial sprayed catalyst. With cathode exhaust CO, levels during
ASTs being similar for both electrodes, however, the electrospun
catalyst only experienced a 15% reduction in maximum power
density, compared with the commercial sprayed catalyst, which
lost 41%. The electrospun PtC would be expected to have no
chemical variation compared to sprayed PtC. This observed dura-
bility increase is likely due to morphological change induced by
the electrospun manufacturing method which creates intra- and
inter-fiber porosity, allowing for the expulsion of water, preventing
flooding. The improved water management could be the cause
of the observed reduction of carbon corrosion,*?% however, given
the same measure CO, exhaust this is unlikely. A better expla-
nation is that the electrospun CL morphology has resulted in
reduced electron thinning, cracking or other structural changes,
although further analysis would be required to confirm this. This
better retention of the nanofiber structure even during carbon
corrosion may explain the superior durability and performance.

It is widely reported that due to the inherent differences
in fabrication methods, the resultant CLs possess distinct
morphologies.}1>323482483] Thege include porosity, PSD, CL
thickness, and ionomer distribution. It is not yet clear which
fabrication method results in the best performing MEA. Since
no one manufacturing route will be perfect for all situations,
understanding how each manufacturing route impacts the
CL morphology and performance is key to the widespread
improvement of this technology; this, however, is not trivial.
Different fabrication routes require different ink formulations;
for example, ultrasonic spray systems typically require a dilute
ink compared to hand-sprayed. This change in ink formulation
has a largely unknown impact on the CL layer morphology.
While there are many reports that do explore these themes,
they are limited in their scope and depth of understanding.
For example, when comparing different fabrication methods,
a full study of PSD, porosity, Pt utilization, and CL imagining
would be required to understand the differences in CL mor-
phology. Some articles have published reports comparing man-
ufacturing methods using CL with different Pt loadings, which
lead to inconclusive data. Comparing different manufacturing
routes requires the use of the same loading Pt, same ionomer
ratio, and catalyst support. To achieve this requires not only sig-
nificantly more research comparing different manufacturing
techniques but also a shift in the expectations that authors and
reviewers have towards CL morphological data.

5.4. Techniques to Modify CL Morphology

Typical commercial electrodes are formed by co-drying
nanosized particles with ionomer, creating a porous but

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

,Ni optimizec

C deposit

&)

Substrate

e | — |

= L P p
4 -

g /\ 1

© \

ﬁ ‘*\A/\A/ o

Sl — J

:

§ —a— Pt,Ni optimized ]

=2 —a—PtNi a

00 05 10 15 20 25 30 35 40 45 50
Distance from electrode center [ mm ]

15 ——— . ——
1wl a d = Pt Ni optimized
5 Al * PUC
2 4+ PtNi

a’;n- 2

—10
gg
S 8

g7

2 °

B 5

S 4
" |
2
1
0

0 5 100 150 200 250 300 350 400
Pore diameter [ nm ]

Figure 47. a,b) Representative cross-section SEM images and c) thickness as a function of the distance from the electrode center for CLs of Pt;Ni
(0.48 mgptcmgeom’z) and Pt;Ni optimized (0.53 mgptcmgeom’z). d) PSD derived from FIB SEM tomography for Pt;Ni, Pt;Ni optimized, and PtC CLs.

Reproduced with permission.8] Copyright 2018, John Wiley and Sons.

interconnected network. Additional techniques and methods
can be employed to further develop upon the standard manu-
facturing techniques and allow for precise engineering of the
CL structure. This is done to enhance the natural pores formed
in CLs or to introduce a beneficial PSD onto support materials
without inherent porosity.

As discussed in Section 4.8, graphene has been reported to
form dense, low-porosity CLs, which is alleviated by introduc-
tion of spacers.’7"*3-#8] However, since the spacers themselves
become part of the overall CL, it is best considered as a dual
support CL structure rather. Fabrication methods that modify
the hierarchal pore structure of a CL without changing the
overall composition have been reported. For example, simple
salts can be added to the catalyst ink before manufacturing and
easily removed after fabrication. Henning et al.*¥"] and later
work by Ishikawa et al.%l reported the use of unsupported
Pt;Ni aerogel as a CL. The nanochain Pt;Ni structure adopted
a tortuous gas diffusion pathway that limited performance. The
initial performance of Pt;Ni is significantly lower than that of
PtC, but with the introduction of K,CO; additive, the perfor-
mance was reported to exceed that of commercial PtC. K,CO;
is facile to remove after MEA fabrication by simple washing
or soaking in water. This increase in performance was attrib-
uted to changes in CL morphology, particularly, the significant
increase in macropores which improves mass transport of gases
as shown in Figure 47. This resulted in a thicker electrode with
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improved mass transport and water management. While typi-
cally a thicker electrode has associated performance limitations,
the thinner, unsupported Pt;Ni benefited from the increased
thickness. A reduction of micro and mesoporosity was observed
to accompany this change in CL morphology, which may
explain the significantly lower ECSA compared to commercial
PtC. However, the distribution of salt during deposition can be
hard to control and form a homogeneous engineered CL.
Alternative manufacturing techniques, such as colloid tem-
plating, have been suggested to improve performance by a
similar introduction of porosity and chosen PSD allowing for
greater Pt utilization.®**%] Colloid templating typically uses
silica as an additive to form a defined structure, which is fol-
lowed by catalyst and ink impregnation. Banham et al.[*¢ heat
treated a mixture of pitch and colloidal silica followed by reflux
in NaOH to create a templated, highly porous, and nanostruc-
tured CL.® Controlling the size of the templating material
and the manner in which it is deposited gives a huge degree of
control over the final nanostructure. However, the complex and
chemically extreme manufacturing method required to remove
the silica requires the catalyst and ionomer to be impregnated
after the morphology of the CL is created."®U This can
result in systems in which the ionomer cannot penetrate into
the entire pore structure, resulting in a loss of catalyst utiliza-
tion.!*®8! Efforts have been made to increase pore size and there-
fore Pt utilization and performance, but this will come at the

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

% <— Gas diffusion layer

Y Catalyst electrode

www.advenergymat.de

layer (anode) \

~—Polymer membrane

layer (cathode)

~—— Gas diffusion layer —

Figure 48. a) Conventional MEA with CCM; b) modified MEA with inverse-opal-structure (I0) electrode examined in this study. ¢) FE-SEM image of a
CCM surface prepared by commercial PtC ink spraying. d) FE-SEM image of an 10 electrode surface prepared by pulse electrodeposition according to
colloidal crystal templating methods. Scale bar, 500 nm. Reproduced with permission.38 Copyright 2013, Springer Nature.

cost of either surface area or thicker electrodes.*® This tech-
nique is particularly useful for FPE in which maximized ECSA
requires a uniformly nanostructured CL without the need for
ionomer incorporation.

A range of other templating methods have been utilized, such
as the use of polystyrene nanospheres (Figure 48).1342:384492]
These are easier to remove by simple washing in ethyl
acetate and hence are more widely used. For example,
Zlotorowicz et al.*?l reported that by introducing polystyrene
nanosphere additives into a PtC ink, macroporosity and per-
formance can be introduced. They reported that nanosphere
incorporation up to 70% of the weight of the PtC performed
best. However, they also changed the Pt loading across each
sample and did not analyze the pore size or distribution due
to the addition of additives, meaning it is unclear how exactly
these additives affected the CL structure. Kartouzian et al.3*!
reported the use of polystyrene to control the pore size and
porosity improves the water management of the system, as dis-
cussed in Section 4.2.

Nanopatterning is a process to introduce nanoscale texture
and patterns typically onto the membrane; it uses techniques
such as proximity field patterning (PnP) and lithography,
among many others.*344 Nanopatterning can lead to a sig-
nificant increase in surface area and control over porosity and
PSD in CLs, resulting in highly engineered structures.*%4%
These techniques can be used to benefit water management
within the CL and overall fuel cell performance, but can result
in higher hydrogen cross-over due to the induced mechanical
thinning of the membrane.[*4 Nanopatterning is a potential
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tool for nanoengineering CLs, but further research is required
to determine the optimum pore distribution and porosity
without disturbing membrane or CL integrity.

5.5. Catalyst-Coated Membranes and Gas Diffusion Electrodes

Before the MEA can be assembled, the electrodes must be pre-
pared. There are multiple routes to achieving this, including
CCMs, GDEs, and decal transfers. Decal transfer, while not
a CL fabrication method, is a technique to prepare MEAs in
which a CL is deposited onto an inert substrate then adhered
onto the membrane by hot pressing.***! This has been shown
to improve charge transfer resistances and performance within
the MEA.[#7#%] Decal transfer methods have been reported to
form CLs with a more homogeneous distribution of ionomer
as GDEs can lose significant amounts of ink permeating into
the MPL. Although, as highlighted by Shahgaldi et al.,® this is
an extra processing step, so may be less suitable for industrial
applications.

There are several opinions within the community as to
whether GDE or CCM performs better. It is thought that the
deposition of the CL directly onto the membrane reduces the
contact resistances by direct lamination, as well as providing
more proton-conducting pathways through the CL to the mem-
brane (or vice versa on the cathode); however, the deposition
can cause the membrane to deform. Investigations carried out
by Tang et al.*%l showed that the CCM performs better than the
GDE. EIS highlighted more efficient charge transfer of species
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in the CCM, with the cathode charge transfer arc being smaller
for all CCM samples than for GDE samples. Wang et al.l’%l
reported that CCMs generally out perform GDEs, although this
is dependent on Pt loading, as discussed later.

Reasons for the improved performance of the CCM over the
GDE are typically attributed to multiple factors, including lower
cell resistances and improved ECSA.[824%] This was even shown
for high-temperature PEFCs, where the lowered Ohmic and
charge transfer resistances of the CCM resulted in an increased
power density.*””! Using a CCM preparation technique was also
shown to be effective for increasing catalyst utilization, sug-
gested to be arising from better contact between the CL and the
ionomer.”®! Further insight into the differences between CCM
and GDE preparation methods were shown by Thanasilp and
Hunsom,*”l who found that while CCM showed little improve-
ment in Ohmic resistance compared with GDE, there was a
significant improvement in charge transfer resistance, ECSA,
and OCV when using a CCM.*”] This improved performance
of the CCM was assigned partly due to its significantly lower
average pore diameter which may be a consequence of a more
connected (less resistive) membrane and CL contact, which is
often referred to as “better contact” although, this term is loosely
defined. A more rigorous measurable definition is required
to more clearly understand and compare this structure—
performance relationship. While it is reasonable that the CL
morphology would change depending on the nature of the
substrate it is deposited into, in-depth structural comparisons
between CCMs and GDEs are required to understand the origin
of this performance difference. Direct membrane deposition
(DMD) is a development on the CCM approach whereby a GDE
is first prepared, followed by deposition of the membrane (from
solution) on to the GDE, and finally the opposite electrode is
sprayed on to the membrane. The superior power density from
DMD was thought to arise due to improved water management
and reduced ionic resistance, even compared with a CCM.%2
However, limited characterization and comparable literature
results lead to an inadequate understanding of the origin of this
performance difference. The additional step of directly applying
the membrane constitutes an extra step in the manufacturing
process, which must be balanced against whether a high power
density is required for the desired application.

While more publications seem to suggest that CCMs
outperform GDEs, this not always the case. For example,
Liang et al.*] and Shahgaldi et al.® have reported that under
some conditions, such as with higher Pt loading electrodes, or
when following specific fabrication methods, the GDEs have
similar performance to or outperform CCMs (Figure 49). How-
ever, this is in contrast to Wang et al.’°" found that the screen-
printed CCM outpeformed GDEs when above Pt loadings of
0.3 mgp, cm™2. The origin of this reported performance difference
is not clear and not widely discussed in this publication; further
in-depth structural analysis such as PSD may be required. The
difficulty in determining the relative performance of CCMs and
GDEs is likely due to variation in the preparation methods and
ink composition.l*% Tt has been shown that by adding a thin
layer of ionomer and then hot pressing onto the membrane, an
improved GDE performance can be achieved, matching that of
the CCM, as shown in Figure 49a.824%8] This approach benefits
in the same way as the DMD MEA, but avoids issues of limited
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Figure 49. a) Histogram comparing the maximum power density of the
MEAs prepared by the range of the variations deployed in the three dif-
ferent MEA manufacturing methods (0.5 mgp, cm™2, 75 °C, 35 kPa back
pressure, 100% RH air/H,). Reproduced with permission.lB2 Copyright
2018, Elsevier. b) The Pt utilization ratio and the current density at 0.4 V
comparison of MEAs prepared by CCM and GDE. Reproduced with per-
mission.[*9 Copyright 2014, Elsevier.

dispersion cast membrane stability. Results showed that it was
possible to achieve comparable performance to a CCM, which
highlights that preparation of the CL using a GDE method is
still a viable option for achieving high-performance MEAs. A
similar trade-off also exists for CCM preparation; because the
membrane is not as rigid as a GDM and rapidly swells in the
presence of solvent, when depositing the ink onto the mem-
brane, the surface can become rippled or wrinkled causing it
to become uneven. This is a particular problem when using
inks with high solvent contents, or high boiling points solvents,
resulting in prolonged drying duration that gives the mem-
brane more time to morph. This is another issue that DMD
can mitigate as the benefits of CCM are realized but wrinkling
is avoided due to the rigid GDL substrate. Tuning the method
used for drying the CL can also help mitigate these drying
effects.
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5.6. Hot Pressing

The most common method for preparation of the MEA is by
hot pressing the two GDEs onto either side of the membrane
(or two GDMs onto either side of the CCM) by placing them
between two heated plates and applying a specified pressure,
as first discussed by Ticianelli et al. in 1988.°%3 The tempera-
ture of the plates and the pressure applied depend on the prac-
titioner, with conditions commonly being determined using
iterative testing approaches.?*>%! Hot pressing can affect the
structure and morphology of the materials within the MEA,
with the main aim being to improve the contact between the
membrane and CL. However, work done by Suzuki et al.l’>¥l
has shown that high amounts of pressure during hot pressing
can significantly decrease porosity and average pore size, hence
reducing performance, with 2 MPa on a 5 cm?> MEA found
to achieve the highest current density. Any significant loss of
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porosity will impede both access of gas to active sites, as well as
water expulsion from the pores, and will ultimately reduce the
performance of the cell.

No consensus of the performance improvements observed
from hot pressing has been reached in the literature, with the
necessity and pressure of hot pressing having been reported
to be different for CCM compared to GDEs.’>°%Y The need
to hot press GDEs has been found to be pronounced, par-
ticularly at lower catalyst loadings.’24¥] Andersen et al.’%4
compared ten different GDEs hot pressed with varying tem-
peratures, pressures, and duration of pressing. It was sug-
gested that a pressure of 7 bar at 150 °C for 3 min were the
optimum conditions. However, this is in contrast with the
findings of Meyer et al.% who showed that the optimum
hot pressing temperature for GDEs is slightly lower at 130 °C
(Figure 50a). Alternatively, Hack et al.’%l suggested that there
was no improvement in performance with hot pressing the

100 ym
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Figure 50. a) Polarization curves of MEAs hot pressed at different temperatures (right) X-ray CT images of hot pressing, showing severe disfiguration
of the sample HP at 170 °C. Adapted with permission.l%! Copyright 2017, Elsevier. b) Schematic showing the role of the ionomer in CL performance
and how improving this is linked to reduced degradation. Reproduced with permission.l’® Copyright 2015, Elsevier. c) X-ray CT volume renderings
of comparing catalyst layers hot pressed (HP) and not hot pressed (NHP), at the start and end of the test. Adapted under the terms of the Creative
Commons Attribution 4.0 International (CC BY 4.0) license.’””] Copyright 2018, Electrochemical Society.

Adv. Energy Mater. 2021, 2101025 2101025 (65 of 82)

© 2021 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

MEA prior to operation, with the heat and pressure applied by
the cell during operation thought to provide an in situ lamina-
tion effect. Finally, by the three key variables of their models
(temperature, pressure, and duration) Okur et al.’%! suggested
optimum conditions of 97 °C, 65 bar, and 3.56 min for their
GDEs. As shown in Figure 49a, an additional thin ionomer layer
deposited onto GDEs before assembly has been reported to
improve performance. These conflicting reports from literature
emphasize that each MEA setup will perform differently due
to inherent differences in microstructure in different commer-
cial or in-house manufactured CLs and MPLs. While the exact
optimized conditions are not clear, GDEs do broadly appear to
improve upon hot pressing; however, operating conditions and
MEA cell compression may have similar effects. Practitioners
should ensure they spend time finding the optimum conditions
when working with new MEA architectures and materials.

CCMs have been reported to show little improvement after hot
pressing, or with the introduction of a thin ionomer layer.#24%l
Roudbari et al.’%l reported that in half-cell experiments, CCMs
hot-pressed at 110 °C resulted in the best performance. Again,
these conflicting reports highlight that the performance of a
particular MEA system is highly dependent on the materials of
choice and operating conditions. Universal optimization of hot-
pressing cannot occur due to the intrinsic differences between
MPLs, membranes, and CLs, but a more coherent under-
standing of the mechanism occurring during hot pressing would
help elucidate optimization parameters. In-house optimization
procedures must be developed by research groups based on their
commonly used materials. However, when investigating new
CL morphologies or changes in other components, these proce-
dures must be re-evaluated to achieve optimum performance.

The increasing availability of laboratory-based 3D imaging
has seen a growth in the use of techniques like X-ray CT to elu-
cidate the effect of hot pressing on the microstructure of the
MEA.B%507 paul et al.3%2 reported that Nafion membranes
undergo restructuring when annealed at 140-160 °C, temper-
ature similar to those used for hot pressing. Using X-ray CT,
Meyer et al.’%l reported that when hot-pressed at tempera-
tures well above the glass transition temperature of Nafion
(123 °C) there was significant disfiguration of the membrane
(Figure 50a). In particular, a highly irregular membrane thick-
ness was observed and some parts of the membrane were found
to have flowed into the pores of the GDL. However, at tempera-
tures below the glass transition temperature, there is only par-
tial lamination of the membrane to the CL, which increases
Ohmic resistances. Hack et al.’%! compared X-ray CT of hot-
pressed and non-hot pressed MEAs, showing that the non-hot-
pressed samples had more cracks and depressions in the elec-
trode surface (Figure 50c). However, it was concluded that the
differences in the microstructure of the CL were not sufficient
to affect the MEA performance. Despite the knowledge of the
importance of the membrane and ionomer in the CL (as shown
in Figure 50Db), there has been little work that elucidates the
chemical changes that arise in the membrane during the hot
pressing process. It is unknown whether the bonds within the
membrane material are altered, even if hot pressing at temper-
atures below the glass transition temperature of the ionomer,
and for very short periods of time, and whether this has an
effect on the MEA performance.
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5.7. Pressure During Assembly

The assembly of a fuel cell and the optimal MEA compression
presents a crucial step to achieving maximum performance and
avoiding irreversible morphological damage. In conventional
PEFCs, the MEA is first placed between two flow-field plates,
ensuring good alignment and correct orientation prior to com-
pression. Custom-designed gaskets provide a gas seal around the
MEA perimeter and come under two main categories: compress-
ible (EPDM rubber) and incompressible (silicone, PTFE). Pref-
erence between the two gasket types is at the discretion of the
manufacturer and studies into gasket durability within a fuel cell
environment consider the impurities formed during degrada-
tion, which may contaminate the MEA.P"> MEA compression
is imposed by the mechanical compaction of the PEFC and the
thickness of the sealing gaskets. The most common assembly
approach uses compression tie-bolts to hold the fuel cell fixture
together, torqued to a pre-set value that establishes a desired con-
tact pressure on the MEA. The number of bolts and their arrange-
ment can have a significant impact on the pressure distribution
across the MEA but is dependent on the size and geometry of
the fuel cell fixture.”™> A non-uniform pressure distribution can
result in a lack of electrical contact toward the MEA center, which
can have a significant effect on the local performance.>'*" This
can be solved by using thicker endplates,"”>® bladder cells,"!
or increasing the clamping pressure.l2%

Adequate cell compression is essential to ensure sufficient
electrical contact of the GDL with the flow-field plates and effec-
tive gas sealing of the gaskets. However, over-compression can
lead to significant and irreversible deformations to the MEA.
GDL fibers are soft and brittle and their morphological struc-
ture is easily influenced by compression, forming structural
deformations by the land/channel imprint of the flow-field
(Figure 51). Under the land, increasing compression crushes the
GDL to the flow-field, decreasing GDL porosity and increasing
the tortuosity factor.??!-23] The reduced pore diameter alters
the capillary pressure, increasing water retention, resulting
in a higher water presence in the cell.’?#52%] Kulkarni et al.’>%
investigated the effect of compressive loads on the contact sur-
face between a current collector (piston) and GDL fibers using
X-ray CT (Figure 52). Non-uniform MEA compression results
in heterogeneous transport properties as the GDL phase den-
sity and fiber cracking increases with compression, exhibiting
the “tenting” phenomenon within the channels. The interfa-
cial contact area between the lands and the GDL increases by
11% at the higher compression, which resulted in improved
Ohmic resistance but at the cost of a reduction of free gas flow.
Poor water removal efficiency then ensued, which resulted
in an early onset of flooding phenomena. In another report,
Kulkarni et al.l>?! also observed a 27% increase in water accu-
mulation in a PEFC when GDL compression increased from
25% to 35% (Figure 53), particularly under the lands, with sig-
nificant performance loss at high current densities. The severe
flooding of the GDL under the land with increasing current
density resulted in a loss of reactant supply to the electrodes
and thus an uneven current density distribution. The RH of the
inlet gases also played a role in the GDL flooding and it was
suggested to decrease the compression ratio with higher gas
humidity.>2¢]
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Figure 51. Image of the compression processes; as the fuel cell is compressed, a loss in thickness occurs as the land compresses the GDL beneath it.
Adapted with permission.’% Copyright 2013, Elsevier.
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Figure 52. Effect of compressive load on the contact surface area between the current collector (piston) and GDL fibers; a) ortho-slice showing the
interfacial surface for the asymmetrical flow field, the area under the red square shows an increase in fiber phase density with compression, b) the
contact sub-domain of GDL fibers and the top piston (red) was considered for the quantification of the contact area, and c) the change in the interfacial
contact area between GDL fibers and piston with compression. B-spline passing through the data points is included as a guide to the eye. Reproduced
with permission.’'% Copyright 2019, Elsevier.
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(a) in-plane radiographs measured at t = 300 s,

“C" is the cathode flow channels, “M” is MEA (GDLs + CLs + membrane), and “A” is the anode flow channels. Grey dashed lines showing the flow
field outline is included as a guide to the eye. b) Liquid water thickness profile in the in-plane orientation measured at the membrane/CL showing the
effect of channel/land geometry on the water retention. c) Through-plane radiographs measured at t = 300 s. Panels (a) and (c) share the same color

bar. Reproduced with permission.’?!l Copyright 2019, Elsevier.

GDL within the channels experience a smaller compressive
force compared to that in direct contact with the flow field;
however, the lateral displacement of GDL from the compressed
regions under the land create a “tenting” effect under the
channel.5?8 The effects of PTFE treatment have a notable effect
on this “tenting” phenomena, where an increase in the hydro-
phobic agent which binds the carbon fibers together improves
the mechanical strength of the GDL.P¥I Thus, when the GDL is
compressed, the microstructure profile results in a flatter land/
channel deformation and less porosity loss (Figure 54). In situ
diagnostic techniques have also been utilized to study the effects
of compression, predominantly through polarization curves
(Figure 55a).5%l Compression has little impact on performance
at low current densities. As higher current densities are reached
and more water is produced, water management complications
arise, with earlier onsets of flooding for increasing GDL com-
pression.[3%>31 Mason et al.l’®] used EIS to separate the effects
of compression on the contact resistance and mass transport
losses (Figure 55b,c bottom). Increasing compression resulted
in a non-linear decrease in the Ohmic resistance but was found
to most severely impact the mass transport region, particularly
the cathode GDL. They found that the optimal compression on
the MEA was 0.5 MPa. A trade-off is required in PEFC design
between decreased contact resistance, resulting in better Ohmic
performance and decreased porosity which aggravates the
effects of flooding and ultimately leads to performance loss.
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5.8. Conclusion and Outlook

Manufacture of the CL and subsequent preparation of the MEA
is intrinsically linked to the final fuel cell performance and it
is key that factors like hot-pressing parameters, CL prepara-
tion, and assembly in the cell are fully optimized in order to
achieve the best performance. However, different fabrication
methods and conditions will have different impacts depending
on the structure and chemistry of the materials used. Given the
wide range of materials and preparation techniques available,
it is imperative that practitioners spend time tuning the fabri-
cation method to their unique materials. Fabrication method
has a large impact on the morphology and performance of the
CL. This is problematic when comparing publications with dif-
ferent manufacturing routes, and a significant morphological
characterization is required to achieve a clear comparison
between CLs prepared differently.

Preparation of the CL is a complex balancing act between
practicality and achieving the highest performing devices.
Advanced CL manufacturing techniques, like ultrasonic spray
coaters, produce top-performing high-throughput electrodes,
but require more expensive equipment. Industrially friendly
fabrication processes such as roll-to-roll, doctor blade, and slot
die coating are typically difficult research tools due to their
inflexibility. Colloidal templating is not well suited for scaleup
and highthroughput manufacturing, but have been shown
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Figure 54. Perspective 3D-view on the sample compressed by about 30 vol%, rendered on a section of channel and the adjacent land area. a) H2315
(no PTFE); b) H2315 T10A (10 wt% PTFE); c) H2315 (20 wt% PTFE). d) Penetration of the flow field channel by fiber material measured along the centre
line of the channel at increasing rates of compression. Reproduced with permission.’?’l Copyright 2016, Elsevier.

to produce very high performing electrodes. However, there
are very little comparison in the literature between different
manufacturing methods and the subsequent changes in CL
morphology that they cause. This is problematic as the manu-
facturing route should be considered another tool with which
researchers can control the CL morphology and therefore per-
formance. We encourage more detailed investigation of dif-
ferent manufacturing routes and the structure of the resulting
CLs. Comparison between these different manufacturing path-
ways is not facile due to differences in the porosity, PSD, and
thickness of the resultant electrodes. Furthermore, feedback
from industrial CL manufactures about the most commercially
relevant manufacturing method would allow researchers to pri-
oritize which technique to investigate.

Ink formulations, solvent type, and, Nafion concentration
all have been shown to play a role in CL layer morphology. It is
clear that there is a need for literature to critically analyze and
explore manufacturing techniques without bias. In particular,
more experimental studies in which the structure of the CL is the
feature of interest when using manufacturing methods. In addi-
tion, improved transparency surrounding the choice of param-
eters like hot pressing conditions or CL preparation and drying
techniques is needed. A range of tools from removable salt filler
to polystyrene nanospheres and silica templating can be used in
conjunction with standard manufacturing to tune and control
the CL morphology. The catalogue of different sacrificial addi-
tives that can be used for this purpose is currently limited in the
literature, but may have the potential to allow significant control
over porosity and PSD. Further research on different sacrificial
additives and their impact on CL morphology and performance
is required. The method in which the testing cell is assembled,
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such as hot pressing and cell compression, has a large role to
play on the resulting performance. Different morphologies are
created depending on whether deposition is onto a membrane or
an MPL, with the impact of the substrate on CL morphology not
widely investigated. The process of CL fabrication, be it CCM or
GDE, has been reported to affect performance and morphology.
However, there is no consensus about which of the two methods
forms the highest performing MEA. Further highlighting this, it
has been reported that the Pt loading impacts performance dif
ferently depending on whether CCM or GDE has been used.
Further research is required to understand the morphological
impacts of CCMs versus GDEs, allowing the fabrication method
to tailor this aspect of fuel cell fabrication to match the desired
morphologies. The role of hot pressing in improving MEA per-
formance is also not clear; this is again likely due to difference in
testing regimes and a range of different CL morphologies being
tested. This highlights that much more morphological based CL
research is required to understand the impact these assembly
methods have on performance, and therefore find the optimum
fabrication method for each unique CL design. The effects of
cell compression can have a detrimental impact on MEA mor-
phology and overall cell performance. The imprint of the flow-
field design on the GDL results in varying porosity across the
structure, which can significantly impact both the gas flow to the
electrode or effectuate local flooding. Conversely, a lack of com-
pression will increase Ohmic overpotentials and fuel efficiency
due to the lack of electrical contact between the plates and MEA
and poor gas sealing from uncompressed gaskets. Side-reactions
from leaking gases may ensue, further degrading the membrane
and GDE due to mixed potentials. Optimizing the compres-
sive load is crucial for effective design and will differ between
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Figure 55. a) Polarization curves for carbon cloth GDL at different com-
pression ratios. Cell temperature 65 °C, cathode and anode flow rates
1200 and 2200 sccm, respectively. Anode and cathode humidifier temper-
atures set to 80 °C. Adapted with permission.>3l Copyright 2006, Elsevier.
Bottom: b) EIS plots of a PEFC under mechanical compression ranging
from 0.5 to 2.5 MPa. c) Relationship between high (contact resistance)
and low frequency (mass transport) resistances as a function of compres-
sion. Adapted with permission.[22l Copyright 2013, Elsevier.
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systems due to: active area, cell geometry, number of cells, MEA
materials, and operating humidity environment. The impact of
these different MEA fabrication and assembly methods is highly
dependant on the structure of the electrodes used, and as a result
there is and cannot be one optimum testing system. Publications
focusing on MEA fabrication and assembly should make sig-
nificant efforts to report CL morphological data such as porosity
and PSD before and after assembly. This will greatly expand dis-
cussion and aid understanding of the impact of CCM/GDE, hot
pressing, and cell assembly pressure.

6. Perspective

With the urgent need to decarbonize, and limitations with
existing low-carbon technologies, such as the insufficient
energy density of batteries, there is increasing demand for
hydrogen and fuel cell technologies. This is especially true for
long-distance heavy goods vehicles and shipping applications.!
The implication of this is that, fuel cell systems should not just
be seen as an academic curiosity, but a race against time to
optimize and increase roll out of this desperately needed tech-
nology. While the technology itself is not new, it is entering a
new age of maturing as it becomes increasingly commercial-
ized. However, to accelerate this process, research on this topic
must match the increased specific demands of the industry,
who are not only concerned with power density, but also cost,
durability, and efficiency under commercially viable operating
conditions. To achieve this goal, closer interactions between
commercial interests and research institutions with published
feedback is required. A trade-off between high Pt mass activity
and high volumetric current density can exist with different
catalyst loading; larger stacks with a more efficient use of Pt
would be required to achieve the same current density with
smaller, more high performing PEFCs. The cost benefit anal-
ysis of Pt costs versus other fuel cell components is not clear,
and insights such as desired stack volumetric current density
at set catalyst loadings from industrial bodies are required to
optimize CL design.

The CL morphology itself has a large role on the perfor-
mance and durability of a fuel cell and should not be viewed
as the consequence of a particular fabrication method or sup-
port material but as an aspect of the CL design that need to
Dbe actively controlled. With the maturation of fuel cell research,
a significant number of new tools and designs have emerged
that have yet to be fully utilized in optimizing CL performance
and durability. These tools are all key pathways to significantly
improving MEA performance and durability and should receive
expanded research effort. The choice of fabrication method
significantly impacts the structure and performance of the CL,
as a result of differences in the PSD and CL morphology. Fur-
thermore, other manufacturing aspects such as ink composi-
tion, concentration, and solvent have an impact on CL forma-
tion as it impacts ionomer and support aggregate properties in
the ink. However, such relations between manufacture method
and morphology are not widely reported in detail. Utilizing
different fabrication methods result in changes to the final
morphology and therefore, changes to the performance. With
further understanding, a fabrication method could be chosen
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to tune and control a particular CL morphology. A wide range
of other techniques can be utilized to influence device perfor-
mance and durability.

Functionalization offers tunability and control over the
hydrophilicity, ionomer wetting, catalyst interactions, and sup-
port inter-particle spacing of the support material, but only a
small range of the multitude of potential functional groups
have been published, with the performance impact of those
that have been reported often lacking in understanding. The
introduction of heteroatoms modifies the ionomer/support
interaction and can poison the catalyst but can also anchor the
catalyst, improving Pt durability. Optimization of these effects
requires understanding their underlying causes, which in turn
requires more thorough and detailed testing than is typically
reported. Changes in hydrophobicity, either by functionaliza-
tion or introduction of PTFE, shows great potential for aiding
water management and ionomer distribution. Dual, multiple
sectioned, or graded CL systems offer a structure to split the
trade-oft between thickness, porosity, ionomer loading, and
Pt utilization into different sections and thereby increase the
overall performance. Although, cotemporary results show only
modest improvements, there is significant scope for more
research in this area. Different CL designs such as NSTF and
FPEs have shown to be incredibly high performing. Despite
their significant limitations, they can be further modified or
utilized in particular environmental conditions to outperform
standard commercial materials. Control over ionomer nano-
structures and the development of low O, resistance ionomers
have the potential to form homogeneous ionomer distribu-
tion and alleviate O, transport resistances, which are some of
the leading causes of performance limitations, particularly for
low loading Pt electrodes. Novel supports such as metal oxides
have shown great potential due to their higher durability com-
pared to CB. As these materials are relatively immature com-
pared to CB, significant research is required under a variety of
ASTs and drive cycles to understand their degradation and their
impact on catalyst durability. Nanomaterials, such as graphene,
rGO, CNTs among many others offer great potential if their
nanoscale properties can be utilized in a bulk electrode; how-
ever, this appears to require highly engineered CLs to observe
any clear benefit. As the fuel cell sector grows into new com-
mercial sectors, the requirements for fuel cells will broaden
with their more varied use. These tools mentioned above offer
the ability to tailor CLs to fit particular application, and will
need to be much more widely investigated, their impact on per-
formance and durability fully characterized and understood.

Increased commercialization requires enhanced durability
of both the catalyst and the support as well as increasing the
achievable current density. Methods to mitigate these limitations
have been widely reported. However, publications are typically
limited in scope and focus on specific changes to materials and
have often missed the impact of the CL morphology on perfor-
mance. Catalyst durability is not just an inherent property of the
catalyst in question but is also significantly impacted by the sup-
port material it is deposited onto and the surrounding environ-
ment such as ionomer content and porosity. Support durability,
while highly dependent on the chemical structure of the mate-
rial, can be improved by controlling aspects of the CL structure
such a hydrophobicity, water distribution, and fuel starvation.
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Electrode thinning is a poorly understood process which also has
a significant impact on cell deterioration, which demands much
wider investigation, and this process appears to be alleviated
by careful CL design. Current density is typically divided into
two aspects both of which are impacted by CL structure, spe-
cific current density, which is a product of the catalysts” inherent
properties and catalyst utilization. Catalyst utilization is entirely
dependent on high porosity for gas transport, and ionomer cov-
erage for proton access to the active site, although direct coating
of ionomer can reduce catalyst utilization by blocking active
sites. The specific current density has been shown to be highly
dependent on mass transport and the availability of reactants.
Mass transport is one of the biggest issues within the fuel cell;
it requires balance between all the competing reactant pathways.
While it could be stated that mass transport improvements will
only affect the mass transport regime of the polarisation curve
which is often below the intended operating voltage of a fuel
cell, higher current densities, increased catalyst utilization, and
reduced resistances are observed with better CL mass transport
in all regions of the polarization curve.

Given the performance interoperability of all the compo-
nents and structure of a CL, to achieve an enhanced under-
standing requires published scientific works to spread their
focus on the CL as a whole, not simply the one aspect authors
are focused on. For example, consider the comparison of a
CL with a novel nanomaterial to a CL with traditional CB at
the same Pt loading. This may at first appear to be a simple
comparison of different materials, but the morphologies of
resulting CLs manufactured either with or without the new
nanomaterial will be significantly different, with changes in
the PSD, the Pt utilization, and mass transport. The nuanced
properties of the nanomaterial could be lost in the analysis,
with the impact on performance of this new structure being
falsely assigned as a property of the nanomaterial rather than
a change in structure induced by the nanomaterial. Distin-
guishing the origin of performance changes is important as a
change in structure that yields improved performance could be
achieved via different manufacturing methods or a multitude
of other techniques. Unfortunately, few publications present
this nuanced viewpoint, with several examples having been
discussed in this review, and authors attributing performance
enhancements to the new materials under investigation rather
than the consequences of the new materials on CL morphology
or catalyst size. It is important for the future understanding of
the novel materials to distinguish between these factors; like-
wise, it is key that the differences between the CL structures are
thoroughly investigated and reported in publications.

Variations in MEA performance is expected from small unin-
tentional differences in the manufacturing and testing process,
such as GDE alignments during hot pressing, conditioning, and
accidental damage to the electrode. This is particularly acute
when investigating CLs that have been fabricated in-house, as
these electrodes can have significant variation in morphology
and composition depending on the fabrication process. Typi-
cally, publications reporting MEA data will only present data
from a single MEA, showing only a single test, or performing
multiple tests and only reporting the highest performance. This
can lead to misrepresentation of results and muddying the lit-
erature, slowing the development of fuel cells. Within the wider
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scientific community, repeat measurements with average results
and appropriate error analysis are a well-accepted practice. How-
ever, within MEA testing, this is a rare observation. Averaged
data across multiple polarization curves for MEAs, or preferably
multiple tests on different MEAs prepared the same way, should
become necessary for publication and reported within the paper’s
methods, particularly, for in-house manufacturing methods.
Although (or perhaps because of) the multitude of accepted
testing procedures, MEA publications still use a variety of oper-
ating parameters and protocols. As widely discussed in this
review, this makes comparison between different publications
difficult. A push toward unifying testing protocols around the
world should be made. Achieving this would require a signifi-
cant worldwide effort, and would need to be take into account
the variations in laboratory capabilities across the world. In the
interim, we suggest in the aid of data comparison that those
who utilize O, for the oxidant should also make efforts to report
air oxidant data even if these are only included in the supporting
information. Similarly, publications that report electrochemical
data taken with back pressure applied should also include the
same data performed at atmospheric pressure within the pub-
lication. For ease of comparison, all reports should include cur-
rent density at 0.3 V, maximum power density, and ECSA meas-
urements, written within the text or tabulated. Furthermore,
data from a reference material should be provided from every
aspect of change from commercial PtC; for example, if a new
catalyst is being prepared on a novel nanomaterial, a reference
should be provided for both the support material and the novel
catalyst. The protocols for ASTs should be based on those sug-
gested by large institutions such as the DoE, EU, JARI, FCC],
among many others. However, there is no one set protocol that
will be optimized for every potential fuel cell application. Sys-
tems from CHP to automotive to backup power will have dif-
ferent system requirements and operating conditions. It is not
enough to understand and control the performance—structure
relationship of a given material for one system; it is equally as
important to understand how the different aspects of the CL
work together under any operating conditions. As such, when
testing novel materials or CL structures, a multitude of different
operating conditions should be tested, such as dry and flooded
electrodes. Furthermore, significant effort by academics and
journals should be made to include negative results, which are
often not published due to their perceived lack of value. Assem-
bling this knowledge will make it significantly easier to choose
a material, fabrication method, and CL morphology to design
a system with set operating parameters, and make comparison
of publications significantly easier. Facilitating the faster rate of
improvement of much needed fuel cell technologies.
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