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Abstract: Proton exchange membrane fuel cells (PEMFCs) have proven to be a promising power
source for various applications ranging from portable devices to automotive and stationary power
systems. The production of PEMFC involves numerous stages in the value chain, with each stage
presenting unique challenges and opportunities to improve the overall performance and
durability of the PEMFC stack. These include steps such as manufacturing the key components
such as the platinum-based catalyst, processing these components into the membrane electrode
assemblies (MEAs), and stacking the MEAs to ultimately produce a PEMFC stack. However, it
is also known that the break-in or conditioning phase of the stack plays a crucial role in the final
performance as well as durability. It involves several key phenomena such as hydration of the
membrane, swelling of the ionomer, redistribution of the catalyst and the creation of suitable
electrochemical interfaces — establishment of the triple phase boundary. These improve the
proton conductivity, the mass transport of reactants and products, the catalytic activity of the
electrode and thus the overall efficiency of the FC. The cruciality of break-in is demonstrated by
the improvement in performance, which can even be over 50% compared to the initial state.
The state-of-the-art approach for the break-in of MEAs involves an electrochemical protocol,
such as voltage cycling, using a PEMFC testing station. This method is time-consuming,
equipment-intensive, and costly. Therefore, new, elegant, and cost-effective solutions are needed.
Nevertheless, the primary aim is to achieve maximum/optimal performance so that it is fully
operational and ready for the market. It is therefore essential to better understand and
deconvolute these complex mechanisms taking place during break-in/conditioning. Strategies
include controlled humidity and temperature cycling, novel electrode materials and other
advanced break-in methods such as air braking, vacuum activation or steaming. In addition, it is
critical to address the challenges associated with standardisation and quantification of protocols
to enable interlaboratory comparisons to further advance the field.

Keywords: Proton exchange membrane fuel cell (PEMFC), Activation, Break-in, Conditioning,
membrane electrode assembly (MEA)

durability and reliability.” To reach their full potential, the

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are a cutting-
edge technology that enables efficient and clean energy
conversion that can be used in various sectors, including
portable devices, stationary power sources and various modes
of transport." They offer a promising solution for long-range
and heavy-duty vehicles such as commercial trucks, buses,
pickups and SUVs due to their high efficiency, scalable power,
and impressive energy density.”
potential, the widespread commercialisation of PEMFCs faces

However, despite their

significant hurdles, including challenges related to cost,
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critical factors that determine the performance of PEMFC
must be precisely optimised.

In optimisation considerations, one of the relevant proc-
esses that significantly impacts the performance and durability
of PEMFC stacks is the break-in." It is an essential part of
PEMEC production as it maximises performance, and the
improvement compared to the initial state can even be over
50%."" In the literature, this step is also known by various
terms such as conditioning, activation, commissioning or
incubation."” In this context, a consensus on terminology is
required, as activation, for example, usually refers to the
production step of the electrocatalyst."” While the break-in
process, which takes place after stack assembly and hot
pressing, marks the final stage of PEMFC stack production.[g]
The main objective of this process is to improve and also
stabilise the performance of the PEMFC stack."” By creating a
stable three-phase electrochemical interface and thus reducing
diffusion barriers, contact resistance and ensuring long-term
stability, the break-in process plays a crucial role in ensuring
the optimal functionality of the entire FC system.!"”

One of the reasons why the use of PEMFCs is still not
widespread is their high cost, 1416
decrease as manufacturing improves (Figure 1)."”) While the
most expensive single component of the PEMFC stack is the
platinum-based catalyst (Figure 1),"*'*'¥ the “break-in” phase

! which is slowly starting to
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Figure 1. Evolution of automotive fuel cell cost and projection. Distribution of cost by components in pie chart. Reposted from [14], distributed under a

Creative Commons Attribution License (CC BY).

stands out as the most expensive and time-consuming process
in the assembly line."" Therefore, by optimising or shortening
the break-in process, we can not only speed up production,
but also reduce production costs, such as energy and material
consumption, and thus, the cost of the product.””

It is important to note that conditioning under low stress
conditions results in higher performance than under poten-
dally faster high stress conditions. However, it is also true that
conditioning under low stress conditions requires long
duration, e.g. 24 h, to achieve the desired performance,[zo]
is crucial in process optimisation not to focus solely on

SO it

accelerating break-in. Instead, a balanced approach should be
taken, considering both the increase in performance and the
time required for break-in to ensure the overall effectiveness
and efficiency of the process. If we find the right balance, we
can achieve the desired results while maintaining product
quality and cost efficiency.

Year after year, FC technology is gaining attention, as
4221 company pledges™ "
and ambitious projects.”>”) In recent years, interest in the
topic of PEMFC break-in has increased, as evidenced by the
number of review articles, e.g. Yuan etal (2011),P®
Christmann et al. (2021),*” Kocha et al. (2022),5” Pej et al.
(2022),°" Linden et al. (2023),"" Ma et al. (2024).”” Interest-
ingly, as this is a highly interesting topic for industry and

evidenced by numerous articles,
(25-27

commercialisation, it has led to a decrease in the number of
published research papers due to restricted disclosure. How-
ever, while some of the aforementioned reviews contain a lot
of interesting features, there are also a number of misleading,
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poorly interpreted or even simply incorrect statements. On the
other hand, research articles show correlations between the
variation of parameters and their effects on the performance of
PEMEFC, but mostly lack a deeper understanding or even
contain wrong explanations for what is happening inside the
stack. Accordingly, the current state of the theory is rather
inconclusive, or rather, there is no consensus on which are
dominant processes take place during break-in. Therefore, an
understanding of the existing literature on the conditioning of
PEMEC stacks is essential to assess the current understanding
of this process, identify knowledge gaps and research needs,
and provide guidelines for optimising the operation of
PEMFC stacks. In this review, we summarise the key findings,
challenges and opportunities related to the break-in process of
PEMEC stacks, focusing on the effects of various parameters
such as cycling window, number of cycles, temperature (T),
relative humidity (RH), pressure (p), current density and gas
composition on performance and durability of PEMFCs. We
will also discuss the mechanisms and models that have been
proposed to explain the observed phenomena during the

break-in process.””

1.1. Break-In or Conditioning Phase of a PEMFC

PEMECs are electrochemical devices that convert hydrogen
(H,) and oxygen (O,) into electricity and water. During the
manufacturing process, PEMFC stacks are assembled from
individual cells consisting of various components, such as the
membrane electrode assembly (MEA), bipolar plates, gas
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85L8017 SUOWWIOD @A1eR.D 3|qeol(dde 8Ly Aq peusenob aJe saolfe O ‘88N 4O Sajni 10} ArlgIT8UIIUO /8|1 UO (SUO|PUOD-PU.-SWULB}WI0D A8 1M ATe.d 1 [BUI|UO//:SHNY) SUORIPUOD PUe SWiB | 8L} 89S *[Z02/0T/0T] uo A%eiqiT auljuo AB|iMm ‘Imnsul psliwe Aq #TT00¥Z02 01/200T OT/I0p/woo A8 | M Areiq1jeuluoj/Sdny wouj papeojumoq ‘0 ‘T690825T



Review

THE CHEMICAL RECORD

diffusion layers (GDL) and flow fields. In order to optimise
the performance and durability of a PEMFC stack, it is
necessary to “break-in” or “condition” it before commission-
ing. During break-in, the PEMFC stack is exposed to a series
of controlled operating conditions (T, RH, current density
etc.) to remove impurities, wet the membrane and activate the
catalysts.*>¥ The aim of break-in is to improve the perform-
ance and durability of the PEMFC stack by reducing the
initial degradation rate (uneven current distribution and
localised overheating) and increasing the output power.” This
is mainly done by forming/activating a triple-phase boundary
(TPB) and lowering resistances, which is achieved by activating
the catalyst layer (CL) — redistributing the catalyst particles
and removing surface oxides (PtOx, PtOH), increasing
porosity and reducing tortuosity channels, removing impurities
and ensuring the passage of protons (H'), especially by
hydrating the membrane and ionomer'*” Various approaches
to conditioning a PEMFC stack have been reported® - but
the biggest common denominator of all is the very long time
required for the process. Usually, the break-in takes at least
several hours, but even up to several days, depending on the
specific design of the PEMFC stack.

Break-in methods, and there is no universally optimal
choice. It depends on many different factors, such as the
membrane, the ionomer or catalyst material, the cartalyst

[37-38] Some

loading, the thickness of the membrane, etc.
methods, such as ex-situ soaking in deionised water (DI), are
more aimed at conditioning the membrane and reducing its

33 while others, such as

contact resistance with the catalyst,[
voltage cycling, are more suitable for activating the catalyst
surface.” Some methods are also more suitable for certain
types of membranes or electrode materials."'*' Therefore, the
selection of a break-in method for PEMFC requires careful
consideration of the critical issues (membrane, catalyst and

“51 a5 well as a thorough understanding of the

ionomer),
advantages and disadvantages of each method. While the
critical factors are improved with the break-in process, it is
possible that some of them can be solved beforehand, or
rather, before the PEMFC stack is assembled. Accordingly, we
categorise them into two groups of methods: /n-situ methods
or so-called “electrochemical” methods, which are more
suitable for laboratory scale and diagnostics, and ex-situ
methods or “chemical-physical” methods, which are more

easily transferred to mass production.!""*

2. Fundamental Understanding of the PEMFC
Break-In

While PEMFC stacks require a break-in phase to achieve
optimum performance, electrocatalyst powders are normally
already subjected to an ‘activation process’. Similar to the in-
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situ break-in methods for PEMFC stacks, a rather ideal way of
electrocatalyst activation is based on in-situ electrochemical
methods, e.g. using the thin-film rotating disc electrode (TE-
RDE) method."¥* However, such electrochemical methods
are usually only suitable for the activation of very small
amounts (in the pg range) of electrocatalysts in a relatively
large volume of electrolyte (few 100 mL), which is also only
acceptable for academic studies and not for the actual
production of electrocatalysts."” Consequently, the processing
of large amounts of electrocatalyst powders is carried out ex-
situ or “chemically”, e.g. using acid-leach protocols in order to
remove the impurities from the catalyst surface. These pre-
assembly conditioning techniques aim to optimise the
performance and durability of individual components."”
Similarly, the break-in process can be carried out using
various methods, most of which are mainly suitable for
research, but not necessarily for large-scale production of
PEMEC stacks. For example, the conditioning of PEMFC can
be performed online by integrating it into the activation
bench, also called conditioning station, test station or break-in

139 and carefully regulating the voltage, current and

station,
operating parameters. With such an approach, the break-in
can be monitored and adjusted in real time."

However such break-in is mainly performed by online
current cycling and it is thus not the most optimal method for
industrial use, as it requires a costly activation bench time and
is too time—consuming.m] Therefore, alternative strategies need
to be developed that would accelerate the PEMFC production
line. To achieve the next generation of break-in techniques,
the basic mechanisms/critical points during break-in need to
be untangled.

PEMEC has an asymmetric partitioning with respect to the
electrodes. The anodic reaction (hydrogen oxidation reaction,
abbr. HOR) has a much higher reaction rate than the cathodic
reaction (oxygen reduction reaction, abbr. ORR). Accordingly,
the studies mainly focus on the improvement of the cathode,
as it is the so-called bottleneck for the overall efficiency of the
PEMFC.”" In the following, we will also mainly focus on the

cathode side of the PEMFC.

Anode reaction : H, — 2H" 4 2¢~ (1)
Cathode reaction : O, +4e” +4H" — 2H,0 )
Overall cell reaction : 2H, + O, — 2H,0 (3)
2.1. Triple phase Boundary

The TPB plays a central role as an interface between three
indispensable phases: the catalyst, the electrolyte and the
gaseous reactant.”>™” The catalyst, which is usually made of
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platinum (Pt) or precious metal alloys blended with less noble
metals, acts as a promotor of the electrochemical reactions that
take place in the PEMFC.P" The electrolyte, usually a proton-
conducting polymer membrane (PEM), enables the transport
of H* between the anode and the cathode. The gaseous
reactant, typically H,, enters the anode and undergoes a
catalytic reaction in which H" and electrons are generated.
These species then combine with O, at the cathode and form
water.">%)

In order to establish TPB, firstly, catalytic reactions must
take place at the electrochemically active sites provided by the
catalyst surface. Secondly, the presence of a wetted ionomer as
an ion conductor is crucial for facilitating ion transport.
However, the ionomer layer can also impede the path of the
gaseous reactant to the reaction site on the catalyst. Finally,
electron conduction is achieved by the catalyst itself, which
consists of metal nanoparticles supported by conductive
carbon. By establishing the TPB, the PEMFC fulfils the
requirements for the catalytic reactions to take place on the
catalyst surface, which is supported by the presence of an
ionically conductive and wetted ionomer. In addition, it
enables the transport of the gaseous reactant to the reaction
site and facilitates electron conduction through the metal

nanoparticles of the catalyst and the conductive carbon support
material.>>*%

Figure 2 a) & b) illustrate the common misconception of
the TPB in the literature. It suggests that the TPB, or the site
of the ORR, exists only at a singular point where all three
phases intersect, which is an inaccurate interpretation. At the
nanoscale, there is no definitive answer; the reaction can still
occur even if the three key pathways are not in direct contact,
while the resistances to bridge this gap are sufficiently low for
the reactant to reach the reaction site (Figure 2¢). The relative
impacts of these resistances are depicted in the pie chart in
Figure 2d.

Several factors influence TPB density and accessibility,
such as catalyst loading, the catalyst particle size and CL

5969 For example, the catalyst particles are often

structure.
supported on high surface area materials to improve their
contact with the electrolyte and gaseous reactant. Thin and
porous layers with a well-distributed catalyst structure can also
promote the formation of TPBs, as they maximise the active
surface area and facilitate the diffusion of the gaseous reactant.
It is also crucial to choose suitable support materials with high
conductivity and good compatibility with the electrolyte, e.g.
carbon black and carbon nanotubes, which provide a larger

surface area for the deposition of the catalyst.">¢'-”

a) b)

Electrolyte carbon »
jonomer
H'\
. -HO
¥
|
if Pt
/
carbon & carbon

ionomer

carbon

Triple-phase boundary

Catalyst

0

Electrons

Protons

Figure 2. a) & b) Poor interpretation of TPB or rather ORR reaction site in the literature. Adapted from [57] and [19], respectively, distributed under a Creative
Commons Attribution License (CC BY); ¢) Close-up view of the local O, transport to a Pt nanoparticle through the ionomer film; d) Simulated mass-transport
voltage losses. Adapted with permission from reference [58]. Copyright 2016 American Chemical Society.
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The preparation of the MEA also has a significant impact,
as the aim is to achieve a close contact between the CLs and
the PEM that enables efficient H' transport and electron
conduction. This is possible as the gaps, voids or air pockets
between the CLs are minimised, allowing for better physical
and electrical coupling. This reduces the contact resistance at
the interface and enables efficient electron transfer between the
CLs and the conductive support material within the layers.">®’
However, it needs to be noted that at high current density
PEMEC operation reduction of those void may not necessarily
enhance the performance due to hindered water management.
Effective water management is crucial to prevent catalyst
deactivation. It reduces the availability of catalyst sites by
hindering the diffusion of reactants.”

The conditioning of PEMFC is primarily about minimis-
ing all existing resistances or maximising the TPB and
achieving a stable state of the PEMFC components. The
activation of the catalyst surface, the hydration of the
membrane and ionomer and flushing out of impurities from
the catalyst surface are considered to be among the critical
processes.”” This process can take only a few seconds or even
hours, depending on the severity of the impurities already
present, the location (CL or membrane), the catalyst (Pt or Pt
alloy) etc.”®* Contaminating cations such as Fe’", CO*",
Ni**, Cu®*" and CP" can enter the ionomer and membrane
via various sources. Unstable catalyst alloys such as PtNi or
PtCo, water impurities and intentionally added cation sources
such as cerium (Ce), which is used as a radical scavenger in
PEM, can introduce these contaminating cations.?®% Tt has
been observed that these cations preferentially replace H* in
the ionomer, resulting in of H conduction impediment
through the sulfonate groups of the ionomer and hindering O,
transport within the CL. Cation contamination can also
influence the electroosmotic drag, which can support the
hydration of the membrane. These processes often pose a
major challenge and are the major bottlenecks in conditioning
for optimal performance of the PEMFC stack.”*”

To date, the most commonly used polymer group for
membrane and ionomer materials are the so-called perfluori-
nated sulfonated polymers or also perfluorosulfonic acid
polymer (PFSAs). In the hydrated state, PFSAs have a
relatively high H* conductivity and adequate gas permeability,
which enables efficient diffusion of O, towards the catalyst
sites. The best known polymer from this group is the
commercially available Nafion.”’ In recent years, however, a
many new modified versions of the PFSAs has emerged, e.g.

1 or Fumion,””

the commercially available Aquivion or even
new generation of polymers for PEM applications, e.g. hydro-
carbons as Pemion.”" However, it is important to note that
thin ionomer layers show significant differences compared to
the bulk material, especially in terms of water uptake and H"

conductivity when the thickness is below 100 nm.”” Con-
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sequently, new break-in protocols will be needed, potentially
less demanding.

The most important prerequisite for ORR is the establish-
ment of the TPB. However, to make the reaction feasible, all
existing resistances such as the ohmic resistance (Ry), the H*
resistance or the mass transfer resistance, which can occur e. g.
due to the low porosity of the CL or the low hydration of the
ionomer and the membrane, must also be reduced.®™
Accordingly, it is necessary to investigate a variety of
mechanisms that influence the TPB and the critical resistance.

2.2. Possible Processes/Mechanisms Occurring during the

Break-In

It is important to note that in order to optimise the break-in
process of a PEMFC stack, it is essential to have a
comprehensive understanding of both the beneficial/desirable
and degradative mechanisms. Whilst the beneficial mecha-
nisms improve the performance of the cells, it is equally
important to identify and address the degradative mechanisms
that can limit efficiency and lifetime. This multidisciplinary
approach combines knowledge from electrochemistry, materi-
als science and engineering fundamentals. It enables the
development of strategies that strengthen the favourable
mechanisms and at the same time weaken the degrading
mechanisms and thus improve the performance and service life
of the cells. At present, there is still much room for improve-
ment in the field of PEMFCs, so that many changes in the
design can be expected, such as thinner layers, optimised flow
fields, etc. In this way, there is no “one fits all” solution for the
break-in. It is therefore important to understand the possible
mechanisms that help to optimise the individual case. By
integrating this knowledge into the process, it can be ensured
that the PEMFC realise their full potential and deliver efficient
and reliable power generation over a long period of time.

In PEMEFCs, the membrane and the anodic and cathodic
CLs are the key components in the break-in process. Since the
activation/degradation processes are closely intertwined, to
decipher them we need to consider each key component
separately: the membrane and the CL. On the other hand, we
can further subdivide the CLs into the catalyst and the
ionomer, and the catalyst into Pt/Pt alloy nanoparticles and
carbon support material. For the membrane, the main
activating processes are hydration and removal of impurities/
contaminants, which are accompanied by subsequential proc-
esses such as membrane swelling and structural changes. In
CL, on the other hand, the main process is the reduction of
surface oxide on the Pt, hydration of the ionomer and removal
of impurities, together with swelling of the ionomer — pore
swelling, reorganisation of the catalyst and ionomer, increase
in CL porosity, reduction of contact resistance at the interface,
etc.
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2.2.1. Membrane

The most important activation mechanism that influences the
membrane is hydration. It has a major influence on the H™
conductivity, as the H" conductivity in a dry PEM is almost
zero. Accordingly, the operation of a PEMFC is strongly
influenced by RH, which affects the H* conductivity of both
the PEM and the ionomer.”” The thickness of the membrane
also has a major influence on water uptake and HT
conductivity.? The sulfonic acid groups (—SO;H) at the end
of the side chains of the ionomer polymers in presence of water
undergo the dissociation into H" and sulfonate ions (SO5).
The mobility of these H" ions within the material enables ion
conduction through the polymer matrix, which is a crucial
1834 The polymer backbone,
polytetrafluoroethylene, also known as PTFE, gives the

prerequisite for the reaction.

ionomer hydrophobic properties, which means that the
location of the absorbed water depends on its orientation.”*””
On the one hand, the orientation of the side chains towards
the catalyst promotes the contact of H* with the ionomer, on
the other hand, this orientation can also lead to a certain
degree of poisoning of the catalyst with SO;~ (Figure 5)."”
The hydration of the rate also influences the state of the
surrounding water. In contrast to water vapour, water in the
liquid state affects the surface skin of the polymer and increases
its hydrophilicity, so that the H* conductivity increases.”

Hydration also leads to swelling of the membrane, which
increases the hydrophilicity of the membrane by forming a
network of water-filled channels, which improves HT
conductivity.m] However, swelling can lead to dimensional
changes that can potentially compromise the mechanical
integrity of the membrane. On the other hand, insufficient
hydration can lead to membrane shrinkage and increased
stiffness, which can result in cracking or loss of flexibility.””’
Improper water extraction can also lead to water accumulation
in the MEA, resulting in flooding and loss of porosity in the
GDL or the ability of reactants to reach the CL.”* In addition
to the exchange of H™ ions across the membrane, water
molecules also permeate through the membrane, which is
facilitated by electroosmosis. Excess water on the cathode side
can lead to water transfer from the cathode to the anode. This
leads to insufficient reactants reaching the active reaction area
of the catalyst, resulting in reduced performance." In certain
cases, this mechanism can even be used as a membrane
activation mechanism.

Among other factors that influence the hydration of the
membrane, an increase in T generally promotes hydration as it
increases the mobility of water molecules and facilitates their
diffusion into the membrane. However, too high a T can lead
to water loss through evaporation or structural changes of the
polymer due to glass transition. The duration of the break-in
also affects the degree of hydration; longer break-in phases
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allow for more extensive water absorption and swelling of the
membrane, which leads to improved performance.’®”” With
different conditioning or even operating factors, water manage-
ment is of great importance as it is necessary to maintain the
optimum water content to avoid drying out or flooding of the
PEMFC.® Therefore, prolonged hydration not only leads to
over-swelling but also to flooding of the PEMFC, which
additionally hinders the gas pathway and slows down
diffusion.”"

Conditioning PEMFC with Pt alloy-based catalysts can
lead to degradation, although the loss of the intrinsic activity
and electrochemically active surface area (ECSA) is by no
means the only consequence. Dealloyed metal ions can poison
the membrane by blocking the H* channels in the membrane
by bonding to the SO; side chains, resulting in a loss of
proton exchange capacity. Metal ions can also contribute to
the formation of hydroxyl radicals (OHe) in the membrane,
leading to significant degradation of the membrane by
catalysing Fenton-like reactions or decomposing hydrogen
peroxide (H,0,) to OHe. The presence of radicals in the
polymer membrane can initiate unzipping mechanisms.!*’
There are several mechanisms that explain how OHe species
can cause the degradation of a defect-free PFSA polymer:
Formation of sulfuric acid (H,SO,) which lowers the pH and
generates radicals that decompose into OCF, (perfluoroocta-
noic acid) fragments. Another possible outcome is the
formation of H-radicals, which then react with the PFSA side
chains. As a result, hydrofluoric acid (HF) is formed in
addition to OCF, and SCF,. Finally, sulphurous acid (H,SO;)
could be formed, which triggers the subsequent degradation.®”
The effects are less pronounced in Pt alloy nanoparticles with
core shells, as the Pt shell layer protects the Pt alloy core from
leaching less noble metal.®®”

Higher operating T can promote the formation of OHe.
In addition, changes in RH, gas flow rates and cell potential
can influence the kinetics of the electrochemical reactions and
thus the formation of OHe.*” Therefore to improve the
chemical stability of the membrane, radical scavengers can be
used. These radical scavengers, such as transition metal oxides,
are able to neutralise free radicals such as OHe and O,He, and
thus prevent their damaging effects on the ionomer chains.
Cerium and manganese oxides are commonly used as chemical
stabilisers in this context, increasing the membrane's tolerance
to radical attack and thus improving its overall chemical
stability.® The use of these countermeasures opens the way
for a tougher approach to conditioning, leading to a faster
approach.

2.2.2. Catalyst Layer

For optimal cell performance, it is essential to have well-
intertwined pathways of all three key components: protons
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through the ionomer, electrons through the catalyst and
supporting materials, and oxygen through the gaseous phase.
These pathways should intersect frequently or have minimal
resistance, such as the diffusion of oxygen through the ionomer
layer to the caralytic sites.®"

Although the membrane and the ionomer are usually made
from a similar material, sometimes even from the same
material, there are major differences in functionality. The
ionomer must still achieve a high H* conductivity, but unlike
the membrane, it must also be able to allow gas, more
specifically O,, to pass through. To a certain extent, this is
achieved by using it as an electrolyte “thin film”.®® The main
goal of the ionomer is therefore high H™ conductivity and
ensuring complete coverage of the catalyst particles. Similar to
the membrane, hydration (Figure 3) is essential for maintain-
ing the H" conducting properties of the ionomer. Adequate
water content ensures that the ionomer remains in an ionically
conductive state.””” While the presence of -SO;H groups in
close proximity to the catalyst surface facilitates the transport
of HY, the SO;~ groups can bind to the Pt surface and
subsequently poison it."”) This can reduce Pt activity by 2 to
4 times compared to its original level.*

Pt-oxide reduction

In addition to increasing ionic conductivity, hydration also
stimulates swelling of the ionomer (Figure 3), where the pores
enlarge and consequently gas transport is enhanced.® If
swelling continues until an excessive threshold is reached, there
is a possibility that the pore size within the CL structure will
be reduced and gas diffusion to the catalyst sites will be
hindered, which leads to mass transport limitations. In extreme
cases, swelling could also lead to deformation, cracks or
delamination. If the PEMFC continues to run, the ionomer
reaches a stable state in which its swelling is compensated by
the water content and the operating conditions."®”*!

When the membrane and the ionomer swell, the catalyst
particles present in the electrode unit can redistribute. The
expansion of the ionomer can push the catalyst particles so
that they are distributed more evenly in the CL. In the case of
the Pt/C catalyst, this redistribution contributes to a more
even distribution of the catalyst particles, which in turn
improves the availability of catalytic sites for the gaseous
reactants. During the break-in process, the redistribution of
the catalyst - the movement or rearrangement of the catalyst
particles - can also be triggered by many other factors such as
T, p and degree of hydration. While catalyst redistribution is

Polymer hydration & swelling

Figure 3. The main activating mechanisms for break-in of PEMFC: Pt-oxide reduction — reduction of O, O, and OH species from the Pt surface; polymer
hydration and consequential swelling; impurity removal — leaching of contaminants such as metal ions (Fe**, Co’" etc), polymer residues, SO,, H,S, NH;, etc.
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generally beneficial in the case of Pt/C, excessive movement of
the catalyst particles can lead to their agglomeration or
clumping.®”

Carbon oxidation :

* 4
C +H,0—-COH+H"+¢E=0.2 Vi )

Pt oxidation :

Pr+H,0 — Pt OH + H' + ¢ E = 0.7 Vege ©)

The next important activation process besides the hydra-
tion of the polymer is the reduction of the oxidised Pt surfaces
(Figure 3), which plays a major role in improving the ORR on
the Pt surface; break-in of the PEMFC.” The duration of the
reduction process can vary depending on the adsorbed species
and locations and can resolve in seconds or even up to
20 minutes.”"”*
gram in which all the important reactions triggered by a
specific voltage are marked.” The reduction of the oxidised
Pt is directly influenced by the applied voltage. At a potential
below 0.65V, the dominant species on the Pt surface is
H,O4; above 0.65V, OH,,y is formed by the oxidation of
H,O4; and at potentials above 0.8 V, OH,,y further oxidizes
to Og- ™" These species block the surface and lower the
ECSA, so their removal is crucial. Therefore, lowering the
voltage to low voltages, below 0.6 V, reduces the oxides on the
Pt surface.” The voltage sweep at lower voltages may not
prove beneficial in conditioning FC, but has proven useful in
diagnostics for calculating ECSA using hydrogen underpoten-

! Figure 4 shows a typical Pt cyclic voltammo-

P

double-layer

-——-——-..\

ion!
p H, evolution ;

B 210 pC/cm? charge storage
(theoretical)

chareing

reduction

tial deposition (HUPD) or rather using hydrogen adsorption/
desorption peaks (Figure 4).

Impurities that have a negative effect on PEMFCs can take
the form of carbon monoxide, carbon dioxide, ammonia,
sulphates, phosphates, metal cations, PFSA polymer residues,
etc. These impurities have a detrimental effect on ORR
kinetics and lead to reduced Pt activity. Many of these
impurities can be introduced into the PEMFC during
production, including metal cations and PFSA residues or can
be introduced to the system in another way like from hydrogen
fuel or air oxidant. Another important factor of break-in is
therefore the rinsing out of impurities present in the CLs
(Figure 4).97 Unlike the membrane, the CLs contain the
main source of impurities, the catalyst. Possible impurities are
various residues from all previous production stages, e.g. acids

[12,98]

or less noble metals from catalyst production, or solvents

from ionomer production.””

The catalyst also generates
hazardous residues during break-in phase by releasing less
noble metals. These are known to promote polymer degrada-
tion by catalysing the formation of OH radicals,”’ adequate
rinsing is an essential part of break-in.

It is important to note that reducing the Pt loading, which
is necessary to reduce costs, can make the system more
susceptible to degradation, resulting in higher degradation

100-10 However, regarding the influence

rates being observed.!
of the I/C ratio (ionomer/catalyst), theory shows that the
current density and Pt loading have a linear dependence,
provided that the ionomer content is within an optimal range.

If the ionomer content is too low, it can hinder the H"

oxide

Y
water window

Figure 4. Typical cyclovoltammogram of Pt electrode. Reprinted from reference [93] under the terms of the Creative Commons Attribution 3.0 International

(CC BY 3.0) license. Copyright ©2016 IOP Publishing Ltd.
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conductivity and have a negative effect on the current
%1921 Tt has also been shown that Pt without ionomer
coating is more susceptible to degradation in the absence of

density.!

liquid water.“”) However, if the ionomer content is too high, it
can hinder O, diffusion and thus also affect the current
density. With high Pt loading and high ionomer content, the
limiting factor for performance shifts from H™ conductivity to
diffusion losses through the plane - Knudssen diffusion of
0,.58102

Compared to the membrane, the CL exhibits much more
complexity and potential degradation processes.”*'**
dation can be accelerated by conditioning factors, such as
elevated T, voltage cycling - especially high voltage - and high
RH." Increased T can promote electrochemical dissolution,
the rate of which increases exponentially between 65°C and

80°C.151% Tt can also lead to agglomeration of the
(107]

1 Degra-

catalyst. The primary degradation mechanisms of CL
(Figure 5) are Pt dissolution, Ostwald ripening, migration of
particles followed by coalescence and potential sintering, and
particle detachment associated with de-alloying, carbon
corrosion, ionomer degradation and the migration and
precipitation of Pt into the polymer membrane. %1%
Electrochemically induced Ostwald ripening involves the
dissolution of smaller Pt nanoparticles and the deposition of
dissolved Pt species on larger nanoparticles. This process leads
to a general growth of the larger particles at the expense of the
smaller ones. The dissolution of Pt is one of the most complex
degradation mechanisms that occur during the operation of
PEMFC."" Although Pt is a noble metal that is relatively
resistant to oxidation, unlike other materials, thermodynamic
considerations based on the Pourbaix diagram nevertheless
indicate that Pt can indeed be oxidised and even dissolved
under the potentials and pH conditions
PEMFCs.""” However, the majority of dissolved Pt is not due
to its thermodynamic properties, but to so-called transient

relevant to

processes triggered by the formation and subsequent reduction
of O, species below the surface during voltage cycling."""

The induction of higher voltages, close to the open circuit
voltage, also called OCV (theoretical value: ~1.23 V; practical
value: ~0.95-1.05 V),"""? can lead to Pt dissolution.™ It is
caused by Pt oxidation and carbon corrosion, which sub-
sequently leads to the growth of nanoparticles due to Ostwald

3319 Therefore, cycles with lower current density or

ripening.[
higher operating voltage accelerate the growth of Pt particles.
Maintaining the voltage at OCV leads to drying of the
membrane due to the low current conditions, resulting in low

"4 Tn addition, significant deposition of

water formation.
dissolved Pt from the cathode into the membrane occurs
during cycles with longer OCV hold times, which could be
due to re-deposition of Pt during drying of the PEMFC!! 5!
On the other hand, the application of lower voltages increases

the H, consumption and thus also the break-in."*

Chem. Rec. 2024, €202400114 (10 of 30)

The next mechanism is the detachment or loss of Pt
particles from the carbon support due to various factors such
as corrosion of the carbon carrier or mechanical stress. The
detached Pt particles can then be redeposited on the electrode

or lost.'®

) Carbon corrosion at the site carrying the Pt particles
where the reaction enthalpy can be reduced in the presence of
catalysts. During voltage cycling, a partial oxide layer gradually
forms between the carbon support and the Pt nanoparticles,
leading to a reduction in adhesion."' The next mechanism is
migration of crystallites, followed by coalescence, where Pt
crystallites can migrate on the carbon support due to the
electrochemical potential gradients. Moving crystallites can
coalesce with other Pt particles in the vicinity, leading to their
growth.!'"

The dissolution and redeposition of Pt is effectively
suppressed during loading cycles at lower RH, primarily due
to the lower water content in both the ionomer and the
membrane. This reduction in water content hinders the
transport of Pt ions and suppresses Pt oxidation. Subsequently,
it has been suggested that Pt degradation during load cycling
can be mitigated by operating the PEMFC at a reasonably low
RH, even when the OCV is held for extended periods of

101 Nevertheless, excessive movement of the catalyst

time.
particles during redistribution can potentially cause damage to
the membrane-electrode interface. Mechanical stress or abra-
sion from particle movement can compromise the integrity of
the membrane, resulting in reduced H™ conductivity,
increased leakage and reduced cell durability, especially for
thin membranes in the 10 pm range.“”‘”s]

Knowledge of PEMFC and break-in phase is primarily
based on Pt-based catalysts, with a lack of research into Pt
alloy applications. Accordingly, there is still a significant
knowledge gap regarding the applicability of these findings to
more complicated PtM/C nanostructures (where M stands for
an early or late transition metal, e.g. Cu, Ni, Co, etc.). For
catalysts based on Pt alloys instead of pure Pt, there are certain
advantages, such as strain effect and the dilution of the Pt in
the core of the nanoparticles,"'” but at the same time many
new complexities arise, such as the dissolution of less noble

1200 Pe alloys, if not

metal along with all of its consequences.
properly dealloyed/activated"” during catalyst production, can
also extend break-in time and require a higher number of
cycles for optimal performance. However, voltage cycling can
also lead to a degradation.

In a study by Gummalla eral.,"*" the distribution of
deposited Pt was found to be different between the two

catalyst types. In particular, the use of PtCo/C catalyst led to a

121

decrease in MEA conductivity, which was not observed with
Pt/C catalysts. When PtCo catalyst was used, Pt particles with
a size of 10 to 35nm were evenly distributed in the
membrane. In contrast, when pure Pt catalyst was used, a 2.5

micrometre wide Pt band was observed near the cathode.!'™”
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Particle Detachment

Platinum Dissolution

Figure 5. Degrading mechanisms present in PEMFC during the break-in: particle detachment, platinum dissolution, ionomer poisoning (SO;™ from ionomer side
chains bonding Pt surface), Ostwald ripening, dealloying, agglomeration, carbon corrosion.

In-situ synchrotron X-ray fluorescence analysis, also known as
XRF, showed that Co’* ions are not only mobile in the in-
plane direction but also in the through-plane direction of the
membrane."*” The dissolution of Co*" leads to contamination
of the ionomer phase with it, where they increase the mass
transport resistance of H' and O, in the electrode. In

Chem. Rec. 2024, €202400114 (11 of 30)

particular, the ion exchange process involving SO;™ and Co*t
in the catalyst layer ionomer leads to reduced water uptake and
consequently to a decrease in the volume of the hydrophilic
123 Moreover, this process also induces O, transport
resistance by obstructing O, pathways (Figure 6). In case of

domain.!

multivalent metal cations such as M** or M’*, cross-linking
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between adjacent PESA side chains or rather SO; occurs
(Figure 6). Multivalent metal cations also present higher
poisoning rate of ionomer as each cation bonds with several
SO;.”' Mitigating cobalt dissolution and contamination is
crucial for improving the performance and lifetime of
PEMFC, especially for heavy-duty automotive applications."*"

The presence of internal porosity in porous carbons allows
the deposition of a significant number of catalyst nanoparticles
inside the pores. When the ionomer is incorporated into the
electrodes, it does not effectively penetrate these small pores to
come into contact with the Pt nanoparticles inside.”” Since
the catalyst in the pores is not covered with ionomer, it is not
poisoned by it, which increases its activity. The lack of contact
with the ionomer also does not mean that there is a lack of
H™, as these are still delivered by water accumulated in the
pores. The pores can have very small openings, ranging from 1
to 4 nm, and the structure of the pores themselves can be
intricate and tortuous. Accordingly, it strongly depends on the
size and accessibility of the pores. In smaller pores, gas
transport is limited due to inaccessibility (Figure7) and in
large pores, H™ conductivity is limited as the ionomer has a
hard time reaching the sites inside. Mesoporous carbons have a
pore size that falls right in between, resulting in improved
activity without hindering the transport of H* or O,.5>'*)
Mesoporous carbon provides a great anchoring surface for
catalyst nanoparticles by trapping them within the pores,

[55,126

improving resistance to metal dissolution. ! However, the

corrosion rate of carbon materials tends to increase with higher

. Accessible
Solid Porous - p——
0,, H:
v

Kinetic 4
Transport +/

kW/g»x 8 8 14

Figure 7. ORR kinetic and transport (O, and proton) characteristics of
catalyst layer structures made from three types of carbon (gray). Small black
and gray circles represent relatively high and low activity Pt particles,
respectively, due to ionomer (blue) adsorption. Reprinted with permission

from reference [55]. Copyright ©2018 American Chemical Society.

specific surface area (m’/g) due to the higher number of
susceptible oxidation centres, making mesoporous carbon
more susceptible to degradation."”~** This oxidation can be
triggered by high voltage (above 0.65V),"* or free OH
radicals forming carbon dioxide (CO,) or other oxidised

(130131 15y addition to oxidation, free radicals can also

species.
react with water and cause the formation of H™, resulting in

increased acidity, which also causes carbon degradation." In

Figure 6. a) Fully humidified ionomer; b) fully humidified monovalent contaminant cation-form ionomer; ¢) fully humidified multivalent contaminant cation-

form ionomer. Scheme inspired by [5].
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this way, the choice of which mechanism is favourable for the
establishment of TPB in a given system, or how the break-in
procedure should be carried out, also depends on the porosity
of the catalyst support material.””

It should be noted that the research work is usually based
on a smaller scale, such as half-cells (TF-RDE, gas diffusion
electrode - GDE) or smaller MEA test stations, which are
idealised examples of PEMFC. In real systems, however, there
is much more inhomogeneity and complexity. Furthermore,
one cannot simply rely on the measured power output to
achieve an optimal break-in. Instead, one must understand the
activation/degradation mechanism of certain break-in. Knowl-
edge about the state of the PEMFC at the micro/nano level
can be obtained by various ex-situ methods, which are

explained in the following chapter.!"*

3. Analytical Approaches

In this chapter, we will focus on analytical techniques that
help to decipher the processes that influence the performance
of the PEMFC stack during the break-in phase. By using the
following methods in synergy with computational modelling,
an understanding of the electrochemical phenomena unfolds.
As break-in turns out to be a series of different complex

[5,134-135]

processes. we accordingly need a variety of in-situ and/

or operando techniques. On the one hand, we can gain
valuable insights with half-cell setups such as TF-RDE,"*
GDE,"*57 138 modified floating electrode (MFE)!"*7% or
full-cell methods at the PEMFC test station such as electro-
chemical impedance spectroscopy (EIS).M1-12 On the other
hand, we can also break down the PEMFC into individual
components and analyse them piece by piece ex-situ using
other analytical techniques such as Raman spectroscopy,*” X-
ray diffraction analysis (XRD),!4! small-angle X-ray scattering
(SAXS),l108:144 wide-angle X-ray scattering (WAXS),") X-ray
photoelectron spectroscopy (XPS),"** inductively coupled
plasma mass spectrometry (ICP-MS),!?”
microscope (SEM),"” energy-dispersive X-ray spectroscopy

scanning electron

(EDS),M % focussed ion beam scanning electron microscope
(FIB-SEM),™" (EPMA),*4
transmission electron microscopy (TEM),! scanning trans-

electron-probe  microanalysis
151]
mission electron microscopy-electron energy loss spectroscopy
(STEM-EELS)," cryo-electron tomography (cryo-ET)!1154
otc,136:124:155-157)

In an attempt to simulate the processes taking place in a
real PEMFC, some analytical techniques based on the half-cell
principle have been developed (Figure 8). For instance, the
TF-RDE can serve as a simplified and idealised representation
of a half PEMFC for testing the electrocatalyst.”” This
configuration provides a valuable means of rapidly evaluating
the activity and stability of novel catalysts, using only small
amounts of material (ug scale per measurement) in the initial

Chem. Rec. 2024, €202400114 (13 of 30)

development stages. Using a liquid electrolyte for this
characterisation bypasses the complicated MEA manufacturing
process, which requires specialised laboratory equipment and

58 Such early stage screening on the TF-RDE allows

expertise.
the performance of the catalyst to be evaluated before larger
scale production is initiated and more extensive in-situ
evaluations are carried out in a complete PEMFC plant. The
method also allows the simulation of harsh conditions that
occur during the operation of PEMFCs or the simulation of
processes that occur on a catalyst during break-in.>>'”
However, in contrast to the TF-RDE configuration, this
performance is not only influenced by the state of the catalyst
surface, but also by various other parameters of the MEA, such
as the hydration of the membrane and ionomer, which affect

the H'
during assembly and by dealloying particles.

conductivity, as well as by impurities introduced
[155]

In practical scenarios, ORR activity is measured at
significantly higher overvoltages, typically between 0.6 and 0.7
VRHE. The currents in an operational PEMFC are at least
two to three orders of magnitude greater than those observed
in TF-RDE measurements. In TF-RDE evaluations, the mass
transport of gas reactants such as O, and H,, which have
relatively low water solubility, is significantly hindered."*” On
the other hand, GDE is more comparable to real PEMFC as it
offers higher currents, more realistic mass transport and TPB.
On the other hand, it requires higher complexity in measure-
ment, e.g. coating the catalyst on the GDL, which requires the
use of a spray coater."*” On the other hand, GDE serves as a
bridge between fundamental studies with TF-RDE and applied
research with MEA. It enables targeted investigations of CL
stability and selectivity phenomena under conditions relevant
to mass transfer.”?"

Similarly, there is another advanced analytical technique,
namely MFE, which helps to improve the fundamental
understanding of ORR activity and the stability of an
electrocatalyst."*” The method is a modification of the floating
electrode (FE) method."*'*" The analytical technique involves
rapid mass transport to an extremely low catalyst loading layer
as the electrode is buoyant in the liquid phase. Consequently,
the gaseous reactants are fed almost directly from the gas phase
or at least through an extremely thin liquid layer, resulting in
remarkably high specific ORR current densities."*”'®) Fur-
thermore, in contrast to FE, the MFE approach allows the use
of subsequent non-electrochemical diagnostics. It could be
coupled with advanced structural characterisation, such as
transmission electron microscopy at identical locations (IL-
TEM).["

If we continue to follow the development of PEMFC, we
come across a very useful analysis technique called EIS. It is
not only an effective tool for fundamental understanding of
PEMEC, but also for performance diagnosis. It is characterised
as a versatile tool with high sensitivity to a variety of factors.
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Figure 8. Comparison of different levels of electrochemical catalyst (layer) evaluation. Reprint with permission from reference [134]. Copyright 2022 American

Chemical Society.

EIS can be operated in-situ and non-invasively and enables
real-time monitoring of both external operating conditions
and internal core components in PEMECs.""1%2 Monitored
external operating conditions include clamp compression,
break-in protocol, operating T, gas RH, electrical load, gas p,
gas stoichiometry, reactant contamination and water content.
Key internal components observed include catalysts, CLs,
GDLs and bipolar plates."*” The resulting data reflect the sum
of the various physicochemical processes within the PEMFCs,
resulting in global sensitivity and significant overlap in limited
frequency ranges. This complexity can be challenging to
interpret."® Online method, namely micro-current excitation
(MCE), has shown great promise in measuring parameters
such as catalyst roughness factor (RF) — number of active sites,
R, — ionic resistance of ionomer and membrane, H, crossover
current density (iy), double-layer capacitance (Cy) and short-
circuit resistance (R,) — resistance of membrane to electron
transfer.1%19%)

The analytical technique, p-Raman spectroscopy,"®® is
known for its direct sensitivity and specific ability to detect
water. Actual resolution of a few micrometres in each direction
is reported in the literature, which is found to be essential for

Chem. Rec. 2024, €202400114 (14 of 30)

independent studies at the channel and rib (also called “land”)
sites."”) The analytical technique is used, for example, to

45,12
5120 However,

monitor the degradation of carbon carriers.
with the use of appropriate optics and refined data processing
techniques, both in-plane and through-plane resolution could
be significantly improved, with the diffraction limit of the
optical setup being improved to <1 pm. In the context of
state-of-the-art membranes with a thickness of 25 to 50 pm,
this higher resolution is essential for thorough investigations at
the membrane-water interface. The main challenge with the
in-situ p-Raman method is its intrusiveness, as it requires the
removal of all light-absorbing media along the optical path."*”)

The Brunauer-Emmett—Teller (BET) technique is gener-
ally used to measure the specific surface area of materials by
physically adsorbing gas molecules (usually nitrogen or argon)
on the surface of the material. In the case of break-in, it can be
used to determine changes in porosity catalyst in CL at the

nanoscale.>1%%

On the other hand, mercury intrusion
porosimetry (MIP) could be used to observe the porosity of
whole CL."* In contrast to BET, it is known as a destructive
method, which unfortunately means that it cannot be used to

study the same exact material before and after the procedure.
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However, these techniques only provide bulk property
information."””

The XRD analysis technique proves to be a fast and
decisive approach to evaluate the stability of a catalyst by
determining the size of the metal particles. The catalytic
activity is highly dependent on the shape, size and distribution
of these metal particles, and it can provide information on
particles smaller than 10 nm."*¥ The disadvantage of XRD is
the relatively large penetration depth, which is about 1 mm.
With a high penetration depth, it is more difficult to
distinguish parts of the MEA." On the other hand, by using

stronger X—ray beam or synchrotron X—ray
171]

a much
radiography!"”" it is possible to perform tomography of the
entire MEA. This allows the position of even small water
clusters within a PEMFC to be accurately determined,
mimicking realistic operating conditions in terms of T and
current density. In addition, the swelling of PEM and ionomer
can be observed."”” On the other hand, the latter analysis
technique is extremely less available than others, as there are
currently only about 70 synchrotrons worldwide.!””

SAXS, in contrast to MEA or TF-RDE measurements,
offers the possibility to analyse the CL without disassembling
it, taking samples or even removing the membrane. The most
important information provided by this analytical technique is
the particle size distribution, which can indicate mechanisms
such as coalescence and electrochemical Ostwald ripening."*
SAXS is an analytical technique used to investigate structures
and dimensions at the nanoscale. The combination with
WAXS enables the acquisition of additional information about
the atomic structure."* SAXS and WAXS can be coupled
with a synchrotron that offers high X-ray transmission. This
enables in-situ analyses without compromising cell perform-
ance. The 360° transparency within the sample plane enables
imaging in conjunction with advanced techniques, including
XRD computed tomography."*

Similarly, X-ray Absorption Spectroscopy (XAS), sub-
techniques as Extended X-ray Absorption Fine Structure
(EXAFES), are invaluable for investigating the electronic
structure and chemical state of nanoparticles in PEM fuel

cells."7417

) These methods are particularly useful for studying
the surface states and sizes of nanoparticles, which are crucial
for catalytic efficiency and durability. EXAFS provides detailed
information about the local atomic environment around
specific elements, while NEXAES is sensitive to the chemical
states and bonding environments. These techniques are often
cited in literature for their precision and ability to provide
insights into the mechanisms of catalyst degradation and
performance.

Additionally, neutron scattering and neutron imaging are a
powerful technique for assessing the extent of catalyst layer
flooding, which is critical for understanding water manage-

ment and its impact on fuel cell performance.”®"*"7¥ It can
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provide unique insights due to its sensitivity to light elements
like hydrogen, allowing detailed studies of water distribution
and accumulation within the cell. This information is vital for
optimizing the design and operation of PEM fuel cells to
ensure efficient and reliable performance.

XPS is another analysis method that uses monochromatic
X-rays. The energy of the X-rays is transferred to an electron
in an inner energy layer, resulting in the ejection of electrons
from the surface."® Surface-sensitive XPS measurements can
provide detailed information about the composition and
chemical state of the individual elements on the surface of the
CL. Accordingly, it is used to observe morphological changes
in the CL. This technique is very interesting as it gives an
insight into the oxidation state of the Pt surface and thus can
monitor one of the main mechanisms of break-in, the
reduction of Pt oxides at the surface."”” The migration of Pt
can be observed by monitoring the increase/decrease of Pt
content. The degradation of CL could also show up in the
XPS spectrum as a loss of fluorine.*” XPS is a surface
technique, so the aforementioned findings are limited for
research in the bulk of the material.!"*"

The degree of activation or even degradation of the
PEMEC stack during break-in could be determined by
monitoring the composition of the outlet gas and water during
the different stages of break-in using GC (or GC-MS) and
ICP-MS, respectively. With the mentioned method we could
for example estimate the gas transition rates. We could also
monitor the decontamination of the ionomer and the catalyst
surface by determining the concentration of various emissions
(e.g. sulphate and other impurities). Similarly, emissions such
as fluorine and H,O, can be correlated with the degradation of
the ionomer and the catalyst binder, while the CO,
concentration can indicate the degradation of the carbon
support.?”!
spectrometer (EC-MS) can also provide us with information
on carbon corrosion by measuring the CO, signal. The

An electrochemical cell coupled to a mass

technique allows the observation of all gaseous products

180] and can therefore even be used

generated during operation
to monitor the removal of contaminants such as organic
solvent residues.

SEM enables the analysis of porosity and surface structure,
allowing the pore structure, thickness and cross-sectional
structure of the CL to be determined."*
qualitative insight into the microstructure of the CL with a
resolution of 1-20 nm.!"®" In principle, SEM is a non-
destructive technique as long as the samples have good
conductivity. SEM is often coupled with EDS, which provides
information into the elemental composition of the electrode

) Tt can provide a

surface. EDS is a valuable technique that investigates variations
in the elemental composition of a CL, whether due to particle
migration, growth, accumulation of catalyst particles or
degradation of PEMFC components."*'*! To achieve higher
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precision of the cross section, SEM is often coupled with FIB.
This not only provides higher accuracy, but also enables the
combination of image series for CL reconstruction. Once the
SEM images are aligned and reconstructed, 3D visualisations
can be created. FIB-SEM nanotomography could give us a
better insight into the porosity, pore size distribution and
tortuosity of CL, as we could only speculate with stand-alone
SEM or rather use it for relative studies."”*'*? In the case of
cross-sectional studies, the method called cross section polisher
(CP) may be superior to FIB as it is able to obtain similarly
accurate full cross-sections in a fast time frame."® There is
even another modified method, namely Cryo-FIB-SEM, which
is mainly used in the study of biological samples."*” Unlike
the standard method, it can provide information about the
material in the hydrated state, making it the ultimate tool for
studying the PEMFC structure after break-in in pristine
condition.

EPMA is a powerful technique for the non-destructive
chemical analysis of solid samples using focussed electron
beams to generate characteristic X-rays. It is fundamentally
similar to an SEM, but is a stand-alone device with the
difference that it also offers the possibility of chemical analysis.
Compared to EDS, which provides rapid qualitative analysis,
EPMA provides precise quantitative analysis and phase
identification.!'®
(WDS), which is more desirable for precise detection because
EDS has limited spectral resolution (overlapping peaks) and

! Tt uses wavelength-dispersive spectrometry

sensitivity for many element combinations."® The key feature
of an EPMA is its ability to perform precise and quantitative
elemental analyses at remarkably small scales of only 1-2
microns, ! although similar to EDS it can also be used at
higher (micron) scales."*” In the context of a PEMFC study, it
could provide a detailed elemental distribution across the
cross-section of the MEA. It can be used for a more detailed
study of metal migration or dissolution/leaching."*"

The use of TEM analysis is of great advantage when
analysing the structure of PEMFC. It shows the spatial
distribution of the individual components and allows the
composition to be analysed at the nano or atomic level."**'*
Accordingly, it allows the study of the most complex processes
that are not detectable by other techniques, such as Ostwald
ripening or carbon corrosion.” However, since the analysis
takes place in vacuum, it is impossible to observe the hydrated
ionomer, which complicates the study of TPB and the
relationships between Pt and ionomer. Compared to previous
methods, such as SAXS or WAXS, it does not provide an
average size distribution of the whole CL without decom-
position, but rather a localised insight. Thus, while we lose a
more generalised/broad insight, we can observe the same
particles 7n-situ."" However, it should be noted that the
challenges related to sample preparation and potential damage
to the samples by high-energy electrons should not be
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underestimated when using TEM.U' A modified method,
called IL-TEM, can enable an ex-situ study of the exact same
nanoparticle before and after the process."””

By acquiring EELS spectra from different regions of the
CL, the presence of certain elements (such as C, O, or S) and
chemical states can be investigated. This information helps to
understand the interaction between the ionomer and the
catalyst particles and the influence of the ionomer composition
on the performance of the PEMFC."" EELS can be used to
analyse the changes in the composition and electronic structure
of the CLs, the PEM and other components. It can provide
information on the distribution and oxidation state of the
catalyst particles, changes in the surface chemistry of the
catalyst and the formation of reaction products. These insights
help researchers to understand the evolution of the materials
and their role in the break-in process."””

Cryo-ET is a technique that makes it possible to analyse
the 3D structure of materials at cryogenic T, usually biological
samples - cells, tissues or organisms."”” Cryo-ET can be used
to capture high-resolution, three-dimensional images of these
components in their hydrated state, providing insights into
their nanostructure, porosity and connectivity. In addition,
Cryo-ET can also be used to study water management and
distribution within the PEMFC stack. Water plays an
important role in the operation of a PEMFC, and its
distribution affects performance and durability. While the
Cryo-FIB-SEM allows the investigation of PEMFC in pristine
hydrated state on a larger scale, the Cryo-ET allows the
investigation on a nanoscale, e.g. visualising the water
distribution, including the formation of water channels or
droplets, which can affect the electrochemical processes and
the overall performance of the stack. In the context of studying
the ionomer in PEMFC CLs, Cryo-ET can provide detailed
information about its nanostructure and morphology. The
PEMEC CL can be cryo-sectioned into thin slices and a series
of tilted images are taken with an electron microscope. These
tilted images are then computationally reconstructed to create
a 3D model of the ionomer structure within the CL (Figure 9).
Cryo-ET provides valuable insights into the distribution,
orientation and connectivity of the ionomer at the nanoscale,
revealing its relationship to the catalyst particles, pore structure
and overall electrode architecture. This information helps to
understand how the ionomer influences R transport, reactant
diffusion and water management in the PEMFC.">"

Cryo-ET is a technique that combines cryogenic sample
preparation with TEM imaging to study samples under near-
native conditions. In the case of a PEMFC stack break-in,
cryo-ET can be used to visualise the structural changes and the
distribution of the different components within the stack.
Both STEM-EELS and Cryo-TEM techniques provide com-
plementary information about the ionomer in PEMFC CLs.
STEM-EELS provides chemical information and spatial
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Figure 9. a) Segmented reconstruction of CL with Cryo-ET; b) A 3D map of the ionomer local thickness, and magnified images illustrating the difference in
calculation to the local thickness algorithm, and a graph-based distance calculation from the external pore. Scale bar, 20 nm. Adapted from [154] under a Creative

Commons Attribution License (CC BY).

analyses at high resolution, while cryo-ET provides 3D
structural information in a near-native state. Cryo-ET is also
known as non-destructive, as cryogenic T reduces the rate of
radiolysis. Together, these techniques provide a comprehensive
understanding of the role and behaviour of the ionomer in
PEMEC, i.e. they are a truly powerful tool to study the
changes that have taken place during run-in at the microscopic
level, or the mechanisms that have taken place.”*>""

Using the analytical techniques mentioned above, the
development of complex models could be achieved. Computer
modelling could further confirm the hypotheses about the
mechanisms that take place during break-in, how they affect
the PEMFC and how different parameters influence
them."”*¥ These models could also help us to interpolate or
even extrapolate!”””! the knowledge gained to predict the
outcome in certain situations or with certain parameters.
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4. Reported Methods of Break-In

The break-in process includes the gradual electrochemical
activation of the stack, gas diffusion, water management and
thermal stabilisation, which can be influenced by various
factors such as the stack design, materials, operating conditions
and test protocols.””® Many advanced methods have been
presented in the literature to shorten or otherwise optimise
PEMFC, such as lowering the cost by reducing H, or energy
consumption."”* """ Most of these studies have been con-
ducted at laboratory scale, which is far from industrial scale in
terms of application. Therefore, a simple transfer of these
methods is basically impossible. In this section, we will try to
bridge the gap between these two worlds by introducing the
basic concepts of these methods. By extracting the knowledge
from these studies, we aim to highlight some interesting
concepts/parameter correlations for possible industrial applica-
tion.
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There are many different break-in methods that can be
categorised into two broad groups: online (in-situ, hot-break-
in) and offline (ex-situ, pre-treatment, cold-break-in)."*¥ The
online group includes the more traditional methods such as
current/potential control or the various modifications of these
methods. It essentially includes all methods in which break-in
is performed on a fully assembled stack connected to an
activation bench. Offline methods, on the other hand, aim to
perform break-in in full or at least partially before the stack is
connected to the activation bench and the current/potential
controlled protocol is started. These methods are extremely
interesting as they could limit or even eliminate the use of the
huge activation bench.® In the following chapter, we will
analyse each concept in terms of what the basic process is, the
motivation behind it, which parameters are manipulated,
which mechanisms are affected and how. Firstly, we will focus
on the online methods, starting with the basic methods, then
moving on to the advanced/modified methods and finally
continuing with the offline methods.

4.1. Online Break-In Methods

The industry-standard break-in procedure consists of connect-
ing the PEMFC stack to the activation bench and use voltage/
current regulation to achieve maximum efficiency."” The
usual procedure consists of 3 main steps: an initial start-up
where the voltage is maintained (“warm-up” phase), an online
conditioning (“break-in” phase) and diagnostics.” The online
break-in procedures differ from each other in that they vary
different current steps, ramp types, the number of cycles and
the times of the individual stages. Over time, these procedures

POVNRIFTENE

il

Figure 10. Compilation of primary online break-in methods.
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have become even more differentiated by changing many other
parameters such as T, RH, stoichiometry and reactant
Ao, 36201

The most primitive type of break-in consists of simply
starting up the FC. This type of break-in is far from ideal as it
is time consuming and may trigger some degradation
processes.”*? To make break-in feasible in this way, the
concept at elevating T and p was introduced. Methods
following this concept were presented by Qi et al.?% (2002;
~2h) by Qi eral.® (2003; ~2h). The concept of this
approach is that an increase in T and p favours the electro-
chemical reactions and thus accelerates the conditioning
processes.

The voltage/current controlled methods are generally based
on the following basic principles: Voltage cycling, constant
voltage hold, and constant current hold."”**?* These
methods are known to be simple to use but time consuming.
Voltage cycling protocols usually include several different
steps/voltage points, which are then run through several times
in the same order. Voltage cycling protocols can also consist of
voltage scans (Figure 10), which are more common in half-
cell measurements and less common in PEMFC stack break-in
protocols.”””) When cycling in the range of 0.90 to 0.60 V
under O,, the cathode catalyst surface undergoes an oxidation/
reduction process in parallel with the cycling of the generated
water. This process changes the catalyst surface, more precisely
by oxidation, making the carbon support hydrophilic, which
leads to hydration of the ionomer. At high voltage differences,
i.e. more than 0.6 V, the oxidation reaction leads to a
reorganisation of the catalyst, reportedly resulting in increased
TPB," but the voltage windows should be as narrow as

il
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possible, otherwise the break-in may damage the FC."***

The concept of voltage scans was reported by Irmawati
et al.?” (2015), where the voltage was held at 0.6V and
scanned between OCV and 0.3 V after 1 h. It is hypothesised
that the ability to scan the voltage slows the recovery of water
content in the interface between the Pt ionomer and the
membrane, which serves as a precautionary measure to prevent
excessive swelling of the membrane. The scanning voltage can
also pose a degradation risk, more specifically it can generate
metallic cations. This process can also reduce the HT
conductivity of the ionomer and alter the electroosmotic drag.

Break-in with voltage cycles can also be performed by
voltage steps, also known as voltage pulsing, (Figure 10),
many different protocols have been described by Schrooten
et al.? (2005; -5 h), Weng et al.”' (2007; -6 h), Stanis
etal.”" (2008; ~16 h), Asghari et al.”'? (2010; -6 h), Zhang
etal.?¥ (2010; -6h), Yang et al.2" (2010; -6h), Jang
etal.”™ (2011; -7 h) Silva etal.” (2012; -9 h), Rapaport
et al.?®! (2015; ~80-90 min), Baricci et al.”'”? (2018; -6 h)
and Song etal.“” (2021; -4 h). The use of many different
voltage steps has been presented, with 0.6 V being the most
commonly used. The concept essentially revolves around
manipulating the responses with specific voltage pulses/holds
to guide the break-in towards optimal activation. Commonly
used voltage points for break-in process are 0.6 V, 0.4 V and
the OCV; 0.2V, 0.8 V and 1.0 V are also used somewhat less
frequently. The 0.6 V hold is used to initiate moderate
electrochemical activity without significantly damaging the
catalyst or the membrane. The 0.4 V hold is used to increase
the rate of electrochemical activity. This lower voltage
accelerates the reduction and oxidation cycles of the catalyst.
The increased activity at this voltage also helps to remove
impurities. The OCV hold is used to stabilise the components
of the fuel cell and balance the system without any current
draw. With OCV, the fuel cell is not under load, allowing the
mechanical stresses in the MEA to dissipate. This phase is
crucial for the hydration of the membrane and for the
diffusion of gases and water within the cell. OCV hold ensures
that the membrane remains well hydrated and that all localised
stresses are relieved before further cycling. However, at the
high potential as OCV, oxidation of Pt surface is promoted.
To summarise, higher voltages induce Pt oxidation but also
relax the PEMFC and mitigate degradation, while lower
voltages increase the activation rate and increase the risk of
degradation.!"?

A modified method that includes RH cycling and increased
T in addition to voltage cycling was shown in the study by
Kabir etal.® (2019; ~1h). The concept involves an
interaction between voltage (0.6-0.9 V) and RH (32-100 %)
at elevated T (80°C). Elevated T increases the kinetics and
accelerates the conditioning mechanisms, but also increases the

hydrophobicity of the CL. On the other hand, high RH leads
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to a higher amount of present water, which influences the
rearrangement of the ionomer and increases the hydrophilicity.
A cyclical change in RH allows hydration to be controlled,
which helps to prevent flooding and regulate the rinsing out of
impurities. It is also used to influence Pt dissolution and
redeposition, with the possibility of mitigating it at high
Voltages.[m]

The second basic principle of voltage/current controlled
methods is constant voltage (Figure 10). This concept is based
on only one voltage step (constant voltage hold) during the
entire break-in, optionally at elevated T and different RH
values. Methods following this concept have been presented by
Kim et al.”"™ (2006; -4 h), Guilminot et al.*'! (2007; -24 h),
Jung et al.?® (2007; -4 h), Sethuraman et al.??Y (2008; -8—
10 h), Yan et al.”*? (2011; ~24 h), Du et al.?* (2011; ~12 h),
Francia et al.”?*¥ (2011; -8 h), Jung et al.?»1 (2012; ~-6-10 h),
Yuan etal."™ (2012; -2h), Zhiani etal.?® (2013; ~12 h),
Zhiani et al.”® (2013; -9 h), Fu et al.””” (2014; -4 h), Park
et al.?® (2015; ~48 h), Zhiani et al.”?” (2016; -4 h), Zhiani
etal.®™ (2017; -24h), Taghiabadi etal.™” (2019), Kim
et al." (2020; -2 h) and Song et al.?" (2021; ~4 h). The use
of a constant voltage approach avoids potential degradation
compared to voltage cycling and therefore creates a more
controlled environment, but at the cost of lower conditioning
effectiveness.!"!"

The last of the three principles is constant current
(Figure 10). In this case, the voltage is regulated by computer
so that the desired constant current is achieved. The current is
maintained at the same value during the break-in, optionally at
an elevated T. This concept has been used by Hsu et al.**”
(1982, -5h), Haug et al.® (2002; -4h), Hou etal.??
(2007; -30 min), Bi etal.™ (2007; -25h), Xie etal.”*"
(2008; ~6 h), Shan et al.”” (2010; ~7-10 h), Molla et al.?**
(2011), Yoon et al. (2011; ~15 h), Hou et al.®®’ (2011; -5 h),
Rao et al.?* (2011; -4 h), Shyu et al.”* (2011; -2 h), Zhiani
etal.®™ (2013; ~19h), Kim ecal." (2020; -3 h), Song
etal.”" (2021; ~21 h). The concept of constant current can
also consist of merely one constant current value, but in
practise the current is usually ramped in steps. In this way, the
FC is gradually brought to the desired constant current hold in
order to condition it more gently. The main effect of this
concept is seen in hydration, while the reduction of surface
oxides is not given as much attention as in constant voltage
methods. Constant current provides stable, controlled con-
ditions, similar to constant current. The current densities used
are 0.1-0.5 A/cm’ and 1-2 A/em” for high current density
hold. Normally, the current is gradually increased due to the
initial poor ionic conductivity of PEMFC. The higher the
current density, the faster the kinetics and the higher the water
and heat generation.

If you work with a constant current for a long time, the
voltage can gradually drop. Therefore, countermeasures known
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as voltage recovery must be taken. It has been described by
Uribe et al.”*" (2002), Zhang et al.*** (2011), Zhang et al.""?
(2012), Rapaport et al.”® (2015) and Kabir et al.®® (2019).
The principle involves a short voltage drop that restores the
recoverable decomposition or rather causes the removal of
sulphate, Pt oxides, hydroxides and other anion species.
Similar to other method concepts, the kinetics of constant
current methods can be enhanced by the addition of elevated
T.

Building on the idea of current regulation, the so-called
pulsed current method (Figure 10) was demonstrated in
another case reported by Galistkaya et al.?® (2018; -3 h),
Wang et al.? (20205 -1 h) and Wang et al.?® (2021; -1 h).
This type of method has a higher conditioning efficiency,
although it can lead to PEMFC degradation if applied
improperly/prolonged. In this approach, short pulses with high
current density are delivered to the PEMFC. By introducing
pauses between the current holds, this concept aims to
improve the management of excess water and heat to avoid
flooding and high local T that could trigger degradation
mechanisms. Compared to constant current and short circuit
methods, the pulsed current concept achieves a fast break-in
process with less negative impact on the PEMFC.

The concept of short-circuiting (Figure 10) is in a way a
modification of high-current pulsing. The concept is based on
exposing the PEMFC to short short-circuit intervals (-100—
200 ms). These methods have an even higher conditioning
efficiency, but also an even higher risk of degradation.
Application in practise has been reported by Gupta et al.*
(2017; ~20 min), Trogadas et al."" (2020) and Zhang et al.*”
(2021). By applying a short circuit, the voltage drops to almost
zero and a high current is reached. This high current state
aims to remove oxides and other adsorbed species from the Pt
surface and generate water, hydrating the membrane and
ionomer, similar to the pulsed current methods. In contrast to
pulsed current, short-circuiting generates a large uncontrolled
current, which entails a higher activation rate and a higher risk
of degradation. Therefore, short-circuiting can be beneficial to
a certain extent, but prolonging it can lead to degradation
rather than activation. Compared to OCV, for example, the
degradation rate is 3x higher,.[zm

In addition to the standard methods, there are also many
different modified methods that are built upon voltage/current
control, such as carbon monoxide (CO) stripping, cathode
starvation, hydrogen pump, reverse flow, etc. The first
advanced method is CO stripping, which is generally used as
a colloquial term for analytical measurement with TF-RDE -
CO electro-oxidation. The concept has been extrapolated to
the case of break-in, where the catalyst is poisoned with CO
and then oxidised, or rather “stripped”, to clean the catalyst
surface. The application of this concept to PEMFC was
demonstrated by Xu etal.”® (2006; ~2h). The concept
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consists of 2 parts: Adsorption and electrooxidation of CO.
First, the voltage at the cathode is set to 0.5 V to promote CO
adsorption, and then it is scanned to 1V as CO electro-
oxidation occurs at about 0.76 V. In the reported study, the
break-in achieved 29% higher maximum performance than
the reference break-in (2 h operation at high T and p). The
disadvantages are similar to break-in by voltage scanning and
also the need to completely remove/clean all CO residues.

One of more interesting concepts is so called hydrogen
pump, which is based on the concept of H, evolution at the
cathode. These methods are generally known to be more
economical in gas consumption despite high conditioning
efficiency. Examples have been shown by Jia et al.?*” (2005),
He et al.”" (2004; ~30 min), Zhang et al."* (2018; ~4-6 h),
Toyota etal.”® (2019), Dai etal.” (2023; ~30 min), Pei
et al."¥ (2024; ~40 min). The basic concept of these methods
is the transfer/pumping of H, to the cathode via a membrane
(Figure 11). In contrary to normal operation, at the cathode
compartment, either the inlet can be closed and the outlet
opened, or the outlet of the anode compartment is connected
to the cathode inlet. With an external power source, H, can
oxidise at the cathode, traverse membrane and be reduced back
to H, at the cathode via the known hydrogen evolution
reaction (HER). This type of break-in leads to reducing
conditions at the cathode, whereby the catalyst surface can be
cleaned of Pt oxides. H, generation at the surface of the
catalyst particles also has the potential to alter the porosity and
tortuosity of the CL. This type of break-in can reduce the cost
of spent H, as it is theoretically only transported through the
membrane.

The most widespread method seems to be oxygen
starvation (Figure 10), which serves as advanced version of
hydrogen pump. Many names have appeared in the literature,
e.g. air braking, air break method, cathode oxygen depletion,
cathode starvation, intermittent oxygen starvation, air starva-
(40.49,201,231,253-234 byt the concept of break-in remains
the same: O, is removed from the cathode in many cycles. The
PEMEC, starts its operation under H,/O,, then the current is
kept constant as the supply of cathode gas is temporarily

tion, etc.,

interrupted. When the voltage of the cell drops, the O, supply

> The concept is basically a combination of

is resumed.!
current cycling and the principle of H, pumping, resulting in
methods with high conditioning efficiency. The concept was
introduced in practise by Voss etal.””” (2003; -1 h), Eickes
etal.®? (2006; -2h), Gerard etal.® (2010), Balogun
etal.? (2020; ~40 min), Song etal.”" (2021; ~2h), Su
et al.®¥ (2022), Yang et al.“’ (2022; ~35 min). The concept
of O, -starvation serves as a modification of the H, pump. In
the first part of the concept, the cell is operated with a
sufficient amount of both reactants, producing water. It is
followed by operation with an insufficient supply of O,, the
H* from the anode is reduced at the cathode, which
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Figure 11. Concept of Normal operation on the left and Hydrogen pump on the right.

corresponds to the concept of the H, pump. Accordingly, this
crossover improves the H" conductivity within the CL and
facilitates the reduction of Pt oxides and hydroxides by
creating reducing conditions at the cathode. Similar to the H,
pump, the generation of H, can also alter the porosity and

Oxygen starvation

tortuosity of the CL. In contrast to the H, pump, the O,
starvation prior to this process created water on the cathode,
which is then pulled into the counter current by H*
(Figure 12). Implementing O,-starvation break-in also leads to
increased porosity. The method is reportedly applicable to

/ ==
Vacuum activation

Figure 12. Concept of Oxygen starvation on the left and Vacuum activation on the right.
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PEMFCs made of different materials, e.g. catalyst type and
loading, GDL type and thickness, MEAs with different active
areas, etc.” With prolonged conditioning by cathode
starvation, the ECSA of the cathode catalyst decreases and the
average size of the Pt particles increases.”” Reportedly, O,
starvation of 100 s is optimal, or rather, without damaging the
PEMFC.**¥ While the conditions of O,-starvation can lead to
conditioning of the PEMFC, H, starvation only leads to
degradation, such as carbon corrosion.?®

Another unique method presented by Yang et al.®¥ (2016;
~30 min), revolves around the so-called vacuum activation.
The method starts with maintaining a high current density to
generate water. Subsequently, the current density is kept low
to slowly decrease the voltage to 0.4 V without supplying H,
and air, and in the last step, air is added to the anode or
cathode. Thus, no H, and air are supplied to the stack during
vacuum activation, so that the remaining H, and O, molecules
in the stack would be gradually consumed. As a result, the
partial p at the anode decreases significantly compared to that
at the cathode, which is mainly due to the partial p of the
remaining N, gas from the air. This p difference facilitates the
transport of water from the cathode to the anode through the
polymer membrane (Figure 12).

The next approach is based on temperature cycling. It was
described by Kagami et al.”? (2005), Yang et al.”% (2011;
-3 h), Debe et al.”! (2012; -8 h) and Bezmalinovi¢ et al.**?
(2014; ~40 min). The concept involves humidification of the

4 Temperature cycling

-

PEMEC at elevated T, followed by a sudden drop in T. This
leads to condensation of water in the membrane and
accelerates membrane hydration. For example, the PEMFC is
operated at elevated T with humidified gaseous reactant to
maximise humidification. Subsequently, the operation is
stopped, purged dry and the T is lowered to a value below
zero, causing the moisture in the PEM to condense (Fig-
ure 13).%” The presence of liquid water in the CL maintains
close contact with the polymer, which is preferable to super-
saturated gases flowing through the channels, as the water
condenses primarily within the flow field channels.”*”) When
the polymer comes into contact with liquid water instead of
vapour, this leads to a change in its surface skin, resulting in
an increase in hydrophilicity.” On the other hand, frequent
cycling can have a negative effect on cell lifetime.”*”

Following with an example of break-in concept where the
reverse flow is applied, as reported by Park eral.”*” (2021;
~-68 min). In order to minimise the different effect of
conditioning at the inlet and outlet due to the concentration
gradient, a new concept of break-in has been developed.
Essentially, the direction of the reactant flow is changed
repeatedly. Thus, the O, reduction and H, reforming zones
alternate, resulting in a more uniform desorption of oxides and
impurities (Figure 13). As the cathode flow is reversed during
stack operation, there is also a temporary O2 depletion, which
triggers the conditioning mechanisms associated with cathode
depletion mentioned above.

—————\

4 Reverse flow

Figure 13. Concept of Temperature cycling on the left and Reverse flow on the right.
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Finally, methods with combined multiple steps are also
presented. Xu et al.”* (2006) presented a combined concept
of conditioning PEMFC at elevated T and p, followed by H,
pumping and final CO stripping. It combined the positive
features of hydration-focussed conditioning and catalyst sur-
face cleaning methods by H, pumping and CO stripping,
which further improved the performance of PEMFC. Choo
1 (2019; ~20 min) combine the pulsed current concept
with H, pumping. They apply a high current pulse to the
PEMEC stack and pump H, to the cathode during the turn-
off process. By extending the duration of the high current

etal.l

voltammetry pulse through a gradual sweep of the pulse
potential, the formation of an ionic pathway is facilitated by
the reorganisation of sulphonic acid groups, promoting the
wetting of the PEM and ionomer. Before switching off, the
voltage drops to 0 V to reach an O,-free state. This enables the
creation of a reduction atmosphere with an H, pump and thus
the reduction of surface oxides. Hu et al.?®” (2020; -3 h) have
demonstrated a three-step break-in concept similar to the T-
cycle: a low RH step, a supersaturated humidity step, and
another low RH step. The first step focuses on creating a Pt
ionomer interface within the CL that is free from the
constraints of gas transport. The second step aims to increase
the water content within the CL. And the third step aims to
optimise the performance of the CL. As the first two steps aim
to maximise the water content, the third step is carried out at a
relatively low RH to prevent water flooding. The first two
steps also contribute to conditioning by pore-forming mecha-
nisms; the first step induces the mechanism of pore hollowing,
while the second step stimulates pore swelling. Pei et al.”"*
(2024; -40 min) chose a different approach to combine
multiple break-in concepts. A combination of H, pumping
and boundary flow activation with trapped air was presented.
Thus, it is a combination of a strongly reducing atmosphere
and a water supply from the cathode to the anode with the H,
pumping concept and flooding-like conditions at the cathode
due to limited gas purging and a reducing atmosphere due to
the low potential with the concept of current-limited
activation with confined air.

Although many different interesting concepts and modifi-
cations of online break-in have been reported, they still require
a significant amount of time on the activation bench, which
buffers the production line. To further reduce or even
eliminate this time, we will explore intriguing offline
approaches in the following subsection.

4.2. Offline Break-In Methods

In contrast to online break-in, offline methods offer a distinct
approach for conditioning PEMFC stacks. These methods are
characterised by the fact that they can condition the PEMFC
components independently of the operating system. Offline
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methods typically involve chemical, thermal or mechanical
treatments to achieve the desired performance prior to
installation in the stack. In this section, the various offline
methods described in the literature, their process concept and
the reasoning behind them are presented to provide a
comprehensive understanding of their role in improving the
efficiency and longevity of PEMFCs.

The first method on the list involves the injection of H,-
infused water droplets as described by Choo et al.**? (2014;
~1 —5 days). During assembly, H,-containing droplets are
injected into both the anode and the cathode at high T. The
stack is then sealed and allowed to rest at RT. H, creates a
reducing environment on the cathode, which reduces the
surface oxides formed on the surface of the Pt catalyst.
Dissolved Pt ions can redeposit, creating a vacuum. According
to the reference, 50% of the break-in is achieved with a 1-day
rest period, but an even higher level, namely 83 %, is achieved
with a 5-day rest period. By infusing H,-containing droplets
on the cathode and O,-containing droplets on the anode and
resting the sealed PEMFC stack, 100 % break-in is possible. In
this way, the oxides are reduced, similar to before. The
droplets easily penetrate the membrane and ionomer due to
the vacuum created by the transition of H, and O, during
storage in the PEMFC stack and improve the wetting
properties.

Zhiani et al.”” (2014; -1h). reported a method using
ultrasonic waves. The concept is that the PEMFC is treated
with ultrasonic waves before it is conditioned online.
According to the source, a 1-hour preconditioning in an
ultrasonic bath at 60°C removes the pre-existing impurities,
increases the size and volume of the pores and reduces the
online conditioning by up to 30 %.

The next concept involves the use of an acidic solution to
perform an offline break-in, optionally at elevated temper-
atures or connected to the load. Methods following this
practise have been reported by Xu et al.**® (2003; ~10 min),
Parrondo et al.*” (2007), Palanichamy etal.** (2008; -4
12 h), Barrio et al.”’% (2009) and Cho et al."® (2010; -1 h).
The concept may involve only immersion in acid, but it may
also involve elevated T (up to 100 °C). The acid used is usually
H,SO,, but the use of peracetic acid (PAA) and HNO; in
combination with H,O, has also been reported. Exposure to
acids and heat changes the physico-chemical properties of the
polymer matrix and increases its ability to absorb water,
making humidification unnecessary. The hydrophilicity or
wettability of the surface is also improved, which is due to the
increase in the O, atom ratio. The process also improves the
porosity and tortuosity of the CL. Performance is reported to
improve by around 47 % compared to untreated MEA.

Following with methods that involve boiling or steaming
PEMEC. The concept is relatively simple as it only requires
boiling water or steam. The concept was introduced by Qi et
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al®¥ (2002; -10 min), Anderson etal."” (2002; ~10 min),
Anderson et al.””" (2009; ~10-25 min), Silva et al.”’? (2012)
and Zhiani et al.”* (2017; -2,5 h). The treatment improves
the water holding capacity within the CL, eliminating the
need for air humidification. The proposed mechanism is that
the treatment improves the surface wettability and H™
conductivity of the carbon particles while increasing the
porosity and tortuosity of the CL. The hot water/steam
treatment opens certain blocked areas and makes them
accessible. Boiling the PEMFC also leads to an increase in the
distance between the polymer domains and a decrease in
crystallinity, which promotes swelling and water uptake.
Boiling/steaming has been reported to increase the perform-
ance of PEMFC by up to 40%. In the study by Zhiani
etal.,” the steaming concept was presented slightly differ-
ently. Instead of steaming the electrodes before assembling the
PEMEC, vapour is injected on both sides of the PEMFC in
this variant. This approach offers advantages over steaming/
boiling electrodes, as the vapour flows through the flow field
channels and then condenses in the various layers of the MEA.
This leads to increased water uptake within the membrane,
which contributes to improved performance. Improved mass
transfer within the MEA is achieved either by removing
unbound particles or by creating new transport pathways from
the CL surface.

The last offline method was presented by Yang et al.*
(2016; ~2h) and Yang et al.®! (2017; ~24 h) and revolves
around soaking the entire stack in DI water. The concept is
to immerse/fill the air-breathing PEMFC stack in DI water
until all the voids are filled with water and then let it rest for a
certain time. After 24 hours of preconditioning, Yang et al.?”
achieved peak performance after only 1 hour of break-in time
(constant current at 0.65 V) compared to the 24-hour conven-
tional activation method. Yang et al.*® succeeded in accelerat-
ing the break-in time to 30 minutes with only 2 hours of
preconditioning with hot DI water. Immersion in DI water
increases the H™ conductivity due to the phase separation
between hydrophilic and hydrophobic regions, which is due to
the swelling of the PEM. It also improves O, transport due to
phase separation within the ionomer near the Pt electro-
catalyst. The described concept is highly interesting for the
industry as it can be relatively easily integrated into the
production line and significantly reduces the time on the
activation bench.

5. Conclusion

PEMEFCs are already recognised as mature technology,
However, there remains significant potential for further
optimization and improvement, particularly in the context of
large-scale industrial production and the extension of stack
lifetimes. Research groups worldwide are exploring unique
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approaches to enhance different components of PEMFCs. As a
result, a standardized, simple, and quick procedure or a “one-
size-fits-all” solution for the break-in process is not feasible.
Understanding the key aspects of this break-in process, as well
as the necessary actions at the micro- and nanoscale, is crucial
for producing a well-conditioned PEMFC product. A custom-
ized break-in process tailored to the specific components and
operating conditions of a particular PEMFC can help ensure
efficient and effective conditioning. This leads to shorter
process durations, reduced operating costs, optimal perform-
ance, and prolonged lifespan of the stacks.

Our literature review aims to clarify the complexities
underlying the break-in process and serves as a foundational
reference for future research. It discusses potential mechanisms
that occur during conditioning, presents methods for analyzing
these mechanisms, and offers tools for investigation and
monitoring. Furthermore, the insights gained from this review
could be integrated into multiscale modeling efforts, enhanc-
ing the understanding of the break-in process and the overall
functionality of PEMFCs.

A key contribution of this article is the compilation of
previously reported break-in methods. We have identified the
fundamental concepts underlying these methods, their differ-
ences, and how their unique characteristics influence the
break-in process. By laying this foundation, we aim to facilitate
future work on PEMFC break-in and accelerate the commerci-
alization of optimized break-in procedures. This will spark
new questions, such as how faster and more affordable break-
in protocols affect the lifetime of MEAs, the impact of GDLs,
and how long a cell can be out of service before another break-
in becomes necessary—all of which will need to be addressed.
This focus on refining break-in processes not only supports the
feasibility of large-scale industrial production but also contrib-
utes to the goal of extending the operational life of PEMFC
stacks.
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REVIEW

In this review, we explore the process of
break-in/conditioning of proton-
exchange membrane fuel cells
(PEMEFCs). First, we acknowledge the
key activation and degradation mecha-
nisms that can occur during the break-in
phase. Then, we highlight the analytical
approaches that can be used to monitor
these mechanisms. Finally, we synthesize
concepts from various reported methods,
explaining how each approach addresses
the break-in process and identifies which
parameters induce specific key mecha-

nisms.
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