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Challenges and opportunities for characterisation
of high-temperature polymer electrolyte
membrane fuel cells: a review
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High-temperature (120-200 °C) polymer electrolyte membrane fuel cells (HT-PEMFCs) are promising
energy conversion devices that offer multiple advantages over the established low-temperature (LT)
PEMFC technology, namely: faster reaction kinetics, improved impurity tolerance, simpler water and
thermal management, and increased potential to utilise waste heat. Whilst HT- and LT-PEMFCs share
several components, important differences in the membrane materials, transport mechanisms and
operating conditions provide new challenges and considerations for characterisation. This review
focuses on phosphoric acid-doped HT-PEMFCs and provides a detailed discussion of the similarities and
differences compared to LT-PEMFCs, as well as state-of-the-art performance and materials. Commonly
used characterisation techniques including electrochemical, imaging, and spectroscopic methods are
reviewed with a focus on use in HT-PEMFCs, how experimentation or analyses differ from LT-PEMFCs,
and new opportunities for research using these techniques. Particular consideration is given to the
presence of phosphoric acid and the absence of liquid water. The importance of accelerated stress tests
for effective characterisation and durability estimation for HT-PEMFCs is discussed, and existing
protocols are comprehensively reviewed focusing on acid loss, catalyst layer degradation, and start-up/
shutdown cycling. The lack of standardisation of these testing protocols in HT-PEMFC research is
highlighted as is the need to develop such standards.
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1. Introduction
1.1 Emergence of PEMFCs

The global dependency on fossil fuels to provide energy has
many disadvantages including high carbon and pollutant
emissions (CO,, NO,, SO,, particulate matter, etc.),"* evidence
of a causal link between economic growth, higher mortality
rates and environmental degradation,”® fossil fuel price
fragility and general increasing price trend,”™ and higher
economic costs due to trends in climate policy favouring non-
fossil fuel markets and carbon taxes.”'® Renewable energy
combined with electrified power systems is experiencing rapid
growth in light of these issues.***¢

Polymer electrolyte membrane (also called proton exchange
membrane) fuel cells (PEMFCs) are a promising energy
conversion technology. These fuel cells convert the chemical
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energy of the fuel (hydrogen) and oxidant (oxygen) to electrical
energy and heat, with water as the waste product. PEMFCs are
favoured for applications that require fast start-up, high power
density, zero local carbon emissions, low operating tempera-
ture, and the use of air as the oxidant."”*® Such devices already
have an established presence in niche markets such as material
handling and remote/back-up power,"*° and are expected to
play a key role in the decarbonisation of heating, power, and
transport.” Over 60% of fuel cell units shipped in 2022 were
estimated to be PEMFCs, making up 86% of the total fuel cell
power output shipped that year.”

The technology can be separated into two categories: (i) low-
temperature (LT-PEMFC), and (ii) high-temperature (HT-
PEMFC). The former is typically operated at 60-80 °C, with
the latter operating at 120-200 °C.*> PEMFCs that operate at
100-120 °C are sometimes referred to as intermediate-
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temperature (IT-PEMFCs), and can typically be grouped into two
categories: (i) modified LT-PEMFCs where the membrane has
been adapted to retain more water at temperatures above 100 ©
C, often by adding inorganic fillers; and (ii) HT-PEMFCs with
phosphoric acid (PA)-doped polybenzimidazole (PBI)
membranes.”® Due to the close relation of IT-PEMFCs to LT-
PEMFCs and HT-PEMFCs depending on the membrane mate-
rial and proton conduction method, this technology is not
specified independently in the remainder of the review.

1.2 Motivation for HT-PEMFCs

LT-PEMFCs based on conventional perfluorosulphonic acid-
based membrane electrolytes suffer from relatively high
membrane cost, water management issues, catalyst poisoning,
and expensive precious metal catalysts.”* Operating at temper-
atures above 100 °C offers potential solutions to some of these
issues. The primary advantages to higher temperature opera-
tion include: increased tolerance of Pt catalysts to fuel impuri-
ties, faster reaction kinetics, easier water management, easier
thermal management due to greater heat rejection resulting
from the higher temperature gradient between the stack and
ambient environment, and higher quality waste heat
generation.>>?*>¢

1.2.1 Higher impurity tolerance. LT-PEMFCs are highly
susceptible to anode poisoning. Fuel impurity concentrations
as low as 10 ppm for carbon monoxide (CO) and 10 ppb for
hydrogen sulphide (H,S) can significantly reduce
performance.””*' CO forms a strong bond with Pt, chemisorb-
ing onto the surface. This blocks active sites for the hydrogen
oxidation reaction (HOR), reducing reaction rates and
increasing overpotential, resulting in lower performance.” This
low tolerance to impurities requires hydrogen purities of
99.999% or higher, which leads to higher costs.”” The adsorp-
tion of CO onto Pt has high negative entropy, i.e., it becomes
less favourable as temperature increases,® resulting in an
impurity tolerance up to three orders of magnitude higher for
HT-PEMFCs.*** This tolerance allows for lower purity, cheaper
hydrogen to be used, or even other fuels e.g., methanol, natural
gas and liquefied petroleum gas can be used in HT-PEMFCs
where hydrogen infrastructure is lacking.****

1.2.2 Faster reaction kinetics. Increased temperature also
benefits reaction kinetics as the HOR and oxygen reduction
reaction (ORR) exchange current densities increase.*** LT-
PEMFCs have been reported to possess increasing intrinsic
exchange current densities as temperature increases; however,
the measured exchange current density may peak closer to 80 °C
as Pt utilisation decreases due to Nafion dehydration at higher
temperatures.*® This problem is not reported by the same
research group conducting studies of PBI HT-PEMFCs from
120-200 °C, where intrinsic and measured exchange current
densities continuously increased with temperature.’” In theory,
the higher reaction kinetics should allow for a decrease in Pt
loading, and therefore cost. However, current HT-PEMFCs
typically have higher Pt loadings than LT-PEMFCs, approxi-
mately 1 mg cm™ > and 0.1-0.4 mg cm >, respectively.®® This is
discussed in more detail in Section 2.1.3.
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1.2.3 Simplified water management. Water exists in both
liquid and vapour states during operation of LT-PEMFCs, and is
critical for proton conduction.**** Electrode flooding is
a common issue for LT-PEMFCs and is caused by formation and
accumulation of excessive liquid water, and ultimately impedes
performances.*>*>*¢ Operating above the boiling point of water
should result in only water vapour being present within the HT-
PEMFC at pressures close to atmospheric,”” simplifying water
management. While some types of HT-PEMFCs require water
for proton conduction,*®*® the most common technology (acid-
doped PBI membranes) operates under non-humidified condi-
tions and uses PA as the proton conductor.* This allows the
system to operate without a humidifier, which is beneficial in
applications requiring small system volumes such as automo-
tive vehicles.*>

1.2.4 Simplified thermal management. A vehicle operating
with a fuel cell stack at 80 °C with an efficiency of 40-50%
requires a heat exchanger twice as large as those in conven-
tionally powered vehicles.>® Operating at >120 °C is sufficient to
mitigate this effect,”® because higher operating temperatures
permit easier heat removal and improved energy recovery.** The
greater temperature difference between the fuel cell and
ambient environment allows for efficient heat rejection and
reductions in the cooling system, improving the mass-specific
and volume-specific power density.>> The heat generated from
HT-PEMFC stacks can be used for methanol and water evapo-
ration in reformer systems.> However, the heat from the stack
will generally not have a sufficiently high temperature to drive
a reformer directly so will require upgrading for most HT-
PEMFC outputs.®

1.3 Purpose of this review

Many of the review papers on HT-PEMFCs focus on the
membrane.>***3>% While there are review papers that discuss
the characterisation of materials, components, and cells,*®*’
these are limited to subsections of larger reviews. Character-
isation techniques for LT-PEMFCs have been reviewed,>***% yet
comprehensive assessment of characterisation for HT-PEMFCs
is very limited. Due to the differences in materials, and physical
and chemical processes, the diagnostic and measurement
techniques also require different approaches and analyses.
Combining advanced characterisation techniques with accel-
erated stress tests (ASTs) is critical to studying degradation and
durability. The appropriate characterisation technique will also
depend on the application. For example, membrane electrode
assembly (MEA) research and development typically requires
more detailed information across chemical, physical, and
electrical domains; whereas, control or system modelling may
require more concise characterisation focusing on key param-
eters and metrics. This review aims to condense the current
understanding of how HT-PEMFCs operate with context from
the LT-PEMFC field given where appropriate, and how that
affects characterisation and ASTs. This is increasingly impor-
tant as interest and research into HT-PEMFCs grows, and this
technology moves towards commercialisation.

This journal is © The Royal Society of Chemistry 2024
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2. Materials, operation, and
differences compared to LT-PEMFCs

The following section provides an overview of HT-PEMFC
materials and design, highlighting the differences compared
to LT-PEMFCs. This section is not intended to be a compre-
hensive review of materials and design, as this is well repre-
sented in other review articles.**>>°>-%

2.1 Materials

2.1.1 Diffusion layers. The gas diffusion electrode (GDE) of
a HT-PEMFC contains a gas diffusion layer (GDL), comprising of
a macroporous substrate, usually a carbon cloth or paper, and
often includes a microporous layer (MPL), typically containing
PTFE to increase hydrophobicity much like in LT-PEMFCs,” as
well as a catalyst layer. Despite these similarities, there are some
key differences between HT-PEMFC GDEs compared to LT-
PEMFCs. For example, the MPL has an additional role in HT-
PEMFCs, which is to encourage PA redistribution in the cata-
lyst layer and inhibit leaching of PA into the GDL.*®** The
reduction in liquid water at higher temperatures means the
diffusion media are less sensitive to electrode morphology.”
Optimised porosities for HT-PEMFCs are lower in general,
typically 25-45% vs. 60-90% for the low-temperature
technology.””7® GDL thicknesses are similar (200-400 pm),
although modelling suggests that HT-PEMFCs may use thinner
GDLS‘71,76—78

2.1.2 Membrane. The membrane is the component that
differs the most between the two technologies. LT-PEMFCs
typically use perfluorosulphonic acid (PFSA) membranes.
These membranes have main chains that are highly hydro-
phobic, and have sulphonic groups at the end of side chains
that are highly hydrophilic.”” This membrane type must be
hydrated to achieve high ionic conductivity and durability,
which requires humidification strategies and increased
complexity of the system.*® Operation at higher temperatures
dramatically reduces the proton conductivity; therefore,
different membranes are required to operate at high tempera-
tures and anhydrous conditions.**

PFSA membranes have been modified to operate at higher
temperatures (up to 120 °C) whilst still using water as the
proton conductor.’”* Inorganic fillers such as graphene oxide
(GO), Si0,, Ti0,, and ZrO, can be added to the PFSA membrane
to improve water retention and performance at higher
temperatures and lower relative humidity.**** Sulphonated
hydrocarbon polymers are another type of membrane investi-
gated for HT-PEMFCs. While they have advantages in
mechanical and thermal properties, as well as increased water
uptake, they suffer from catalyst layer delamination and
membrane thinning due to dehydration under HT-PEMFC
operating conditions.®” Most crucially, both PFSA and sulpho-
nated hydrocarbon membranes still require humidification and
liquid water, which retains the complexity of the physical
system and control strategy.

The most common membrane for HT-PEMFCs is PA-doped
PBI-based. PA is used as the proton conductor due to its high

This journal is © The Royal Society of Chemistry 2024

View Article Online

Journal of Materials Chemistry A

proton conductivity under anhydrous conditions, low gas
permeability, and good thermal and chemical stability.*” Proton
conductivity can be increased by increasing the acid doping
level; however, this decreases mechanical strength due to the
strong plasticising effect.®°* The actual proton conduction
mechanisms are complex and depend on the water content,
temperature, and amount of acid dopant. These factors affect
the amount, and pathway, of conduction via structural diffusion
(also referred to as “proton hopping” and “Grotthuss mecha-
nism”), and via vehicular diffusion through H;O0" and
H,PO, .%>** Despite their prevalence, PBI membranes still
have unresolved issues. These include: acid leaching, reduced
mechanical strength due to doping, and reduction in proton
conductivities at high temperatures and low water content due
to evaporation and acid condensation.®**”***¢ Optimisation of
acid doping should maximise performance whilst maintaining
mechanical strength and minimising acid loss.®” Improvements
in these areas have been achieved using PBI-based composite
membranes by the use of crosslinking,””~*® and three-layered
membranes.'” Advances have also been made with the addi-
tion of inorganic fillers,*®****** heteropolyacids (HPAs),***
carbon nanotubes,’'® and metal-organic frameworks
(MOFS).1097111

A promising alternative to PA-PBI are ion-pair coordinated
membranes, specifically quaternary ammonium functionalised
polymers (QAPs). The quaternary ammonium species causes
complete deprotonation of PA, enabling a strong interaction
between ammonium cations and biphosphate anions.**'
Strong PA retention is possible at lower temperatures (<140 °C),
moderate humidification, and higher temperatures (>200 °C).>®
Ion-pair coordinated membranes could allow for operation at
a much wider temperature range than PA-PBI. Quaternary
ammonium-biphosphate (QAPOH) membranes combined with
phosphonated ionomers have shown high peak power outputs
from 80-240 °C, and excellent durability as low as 40 °C."**'**
Additionally, the use of an intrinsically microporous Troger's
base-derived polymer membrane has been shown to allow
operation between —20 °C and 200 °C, whilst displaying
exceptional performance retention even after start-up/
shutdown cycling at 15 °C and —20 °C."*®

2.1.3 Catalyst layer. One of the motivators for using HT-
PEMFCs is the faster reaction kinetics associated with higher
operating temperature, meaning that alternative catalysts to Pt
may be used.* This is important as the balance between good
performance due to higher catalyst loadings and reasonable
cost is unresolved.'® Despite this, carbon-supported Pt-based
catalysts are still the most utilised in HT-PEMFCs, as in LT-
PEMFCs.”>*® As mentioned in Section 1.2.4, typical HT-PEMFC
Pt loadings are around 1.0 mg cm > This is attributed to
poorer Pt utilisation, slower oxygen transport, and sluggish ORR
kinetics in PA.**** Pt alloy catalysts have been researched to
reduce material cost and improve performance. Using Pt alloy
catalysts, particularly PtCo, can improve performance, and so
too can the addition of a heat-treatment step, and an acid-
washing step that increases surface roughness.””*** However,
the stability of the alloys is questionable as Ni and Co are ex-
pected to form oxides and hydroxides that dissolve from the

J. Mater. Chem. A, 2024, 12, 8014-8064 | 8017
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electrode surface.*® The impact of Pt alloys on phosphate
adsorption is unclear and requires additional research to
identify the impacts of alloying.”®

The catalyst supports in HT-PEMFCs are usually carbon-
based much like LT-PEMFCs. Operating under typical HT-
PEMFC conditions poses greater challenges to the catalyst
layer due to higher temperatures increasing Pt particle growth
rate and carbon corrosion.””**** Studies using graphene and
carbon-walled nanotubes in the catalyst support have shown
improved stability and power density; however, the electro-
chemically active surface area was higher for the conventional
carbon supports.'?%12>123

Both the catalyst and support materials in HT-PEMFCs are
similar to LT-PEMFCs. However, the binder materials that join
these components together can be quite different. LT-PEMFCs
typically use a similar PFSA ionomer to the electrolyte which
requires hydration for proton conduction in the catalyst layer,
PTFE may also be added to improve water management."** PTFE
is the most common binder material in HT-PEMFCs due to its
hydrophobicity and thermal stability.®® It is an insulating
material and therefore requires a proton-conducting material.
Ionic conductivity is usually enabled by the presence of PA
which originates from the membrane during MEA preparation
or cell assembly, or through direct deposition onto the catalyst
layer."® Optimisation of the PA in the catalyst layer is required
as too much PA leads to electrode flooding which impedes
oxygen transport to catalyst sites, and non-uniform distribution
reduces catalyst utilisation."” The catalyst microstructure
should be designed to minimise crack width as this is a pathway
for PA to penetrate the GDL, and have a sufficiently porous
structure to allow the PA to activate the catalyst layer during
activation.'**'*” PTFE optimisation is also important as it affects
acid uptake and too much will flood the catalyst layers and
reduce membrane conductivity."”® The binder can also obstruct
reaction pathways and decrease performance.> A recent study
using density functional theory and molecular dynamics
simulations determined that an overall binder content of
25 wt% made of equal ratios of Nafion and PTFE yielded the
best Pt poisoning protection.'” PA-PBI has also been used as the
binder material. Using too much PA-PBI reduces the electro-
chemically active surface area (ECSA) due to increased block-
ages of the electron pathway, too little and there is an
insufficient ionic conduction and potentially poor binding.******
Phosphonated polymers show promise as ionomeric binders.
They have the benefits of greatly reduced acid loss in the pres-
ence of water, and the low concentration of phosphonic acid
mitigates the impact of phosphate poisoning and PA flooding of
the electrode.”® Protonation of the phosphonated ionomer has
been shown to provide excellent performance and durability
compared to non-protonated ionomers and state-of-the-art LT-
PEMFCs."** However, improvements are still required under
high voltage conditions, dynamic drive cycles, and partial
humidification, along with the practicality of scaling up to
a full-size stack (e.g., non-uniform reactant supply and
membrane-electrode contact)."**

2.1.4 Bipolar plates and gaskets. Bipolar plates require
high electrical conductivity to minimise ohmic losses, must be

8018 | J Mater. Chem. A, 2024, 12, 8014-8064
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able to withstand the high compaction pressure during stack
assembly, have stability at high temperatures, and possess very
low gas permeability."*>'** PA can also be redistributed into the
bipolar plate causing increased ohmic resistances in the cell, so
a material that does not absorb PA is preferable.”*** Graphite
plates have traditionally been used due to their chemical
stability and high electronic conductivity.>® Composite bipolar
plates have been suggested as replacements for pure graphite
bipolar plates due to their higher specific strength and stiff-
ness.'® Carbon composite bipolar plates have exhibited supe-
rior electrical and thermo-mechanical properties or at least
achieved United States Department of Energy (U.S. DoE)
targets."*>**” Metal bipolar plates are also considered an alter-
native to pure graphite plates as they typically possess excellent
electrical and thermal conductivities, and can be machined to
very small thicknesses.'*®* Metal foams can also improve mass
transport properties and reduce resistance compared to
graphite.”* However, the chemical stability of metallic plates
are poorer compared to graphite, this leads to much higher
degradation rates and the formation of ferric oxide and iron
phosphate on the surface, although surface treatment can
significantly reduce the degradation rates.******"*** Due to these
issues, graphite-based bipolar plates are currently preferred.**®
Gaskets must seal the cell, compensate for dimensional
changes, be electrically insulating, and provide compression
over long periods of time, and they must do this at temperatures
up to 200 °C in the presence of PA.***® Fluoroelastomers (FKM),
ethylene propylene diene monomer (EPDM), silicon, and PTFE
are all commonly employed HT-PEMFC gasket materials.>>***

2.2 Operating principles

2.2.1 Basics. The individual components are assembled
into an MEA and then into a full cell, the assembly process is
discussed in more detail in Section 2.2.3. The basics of com-
ponentry and operation are shown in Fig. 1. The electro-
chemical reaction of HT-PEMFCs is the same as LT-PEMFCs
except that the product water is in the gaseous state:

2H, (g) + O, (g) — 2H,0 (g) 1)

Due to operating at higher temperatures, the magnitude of
the Gibbs free energy is lower than that under LT-PEMFC
conditions. This leads to a lower reversible voltage: 1.18 V at
360 K (86.85 °C) and 1.15 V at 440 K (166.85 °C). The voltage
decrease is minimal due to the smaller entropy change of
forming a gas compared to a liquid.

Operating temperatures typically range from 120-200 °C
depending on membrane and proton conduction method
(hydrous or anhydrous). HT-PEMFCs relying on water for
conduction generally operate up to 120 °C, where PA-based
conduction mostly operates in the range of 140-180 °C. The
optimum temperature balances a trade-off between cell
performance and degradation rate. Operating under humified
conditions will also depend on the proton conduction method.

This journal is © The Royal Society of Chemistry 2024
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Fig.1 Schematic of HT-PEMFC operation including structural proton conduction and vehicular conductivity mechanisms. Relative component

sizes are not to scale.

Despite typically operating without external humidification, PA-
based HT-PEMFCs can achieve conductivity improvements
when humidified compared to non-humidified operation due to
an increased contribution from the vehicular conduction
mechanism (as discussed in detail in the following section)
resulting from the higher water content.®»**> However, PA loss
increases with higher water content.'***”

2.2.2 Proton conduction. Some HT-PEMFCs require
hydrous conditions for proton conduction and thus share the
mechanisms with LT-PEMFCs. However, most HT-PEMFC
technology uses PA as the proton conductor, often with a PBI
polymer. The PBI chain has two basic nitrogen atoms per
repeating unit and can trap a maximum of two PA molecules,
any additional molecules are referred to as “free acid”.***” The
proton conduction mechanisms are complex and depend on the
doping level and water content.®”** There are several mecha-
nisms suggested for proton conduction in PA-PBI fuel cells:**®

(1) Hopping from the N-H sites to PA anions (H,PO, ), most
relevant for low doping scenarios i.e., no free acid;

This journal is © The Royal Society of Chemistry 2024

(2) Hopping along PA anions. This occurs in the presence of
free acid and leads to conductivity several orders of magnitude
higher than (1);

(3) Hopping via water molecules. This mechanism is
concurrent with (2);

(4) Direct hopping along nitrogen sites of the PBI chains
(only relevant for non-doped PBI).

Mechanisms 1, 2, and 3 are illustrated accordingly in Fig. 1.
Proton diffusion involving benzimidazole nitrogen sites can be
neglected due to its proton exchange process being nine orders of
magnitude slower than proton exchange between phosphate
species.” The high proton conductivity of PA is due to the high
degree of hydrogen bond network frustration (a severe imbalance
of proton donors to acceptors). This explains the significant
contribution of rapid structural diffusion (hopping) to proton
conductivity (~97% in neat PA).*> As temperature increases and
water content decreases, PA undergoes condensation reactions
and forms higher molecular weight and slower diffusing phos-
phate species, whilst also reducing the hydrogen bond network
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frustration, resulting in a slight decrease in conductivity.
Increasing water content leads to an increase in conductivity
contribution via the vehicular mechanism through the transport
of H;0" and H,PO,.*? This mechanism is shown in Fig. 1. Fig. 2
shows the peak contribution from structural diffusion in neat PA
and an increase in vehicular transport as water content increases.
Despite the improvement in total conductivity, operation at high
temperatures and water content leads to increased PA loss.'*’
Although adding PBI to PA decreases the proton conductivity by
decreasing the hydrogen bond network frustration, it also
reduces the hygroscopicity (water uptake) of PA, which reduces
electroosmotic drag and may explain why PA-PBI membranes
outperform other PA-based electrolytes.”

2.2.3 Assembly and activation. The assembly process of
HT-PEMFCs is similar to LT-PEMFCs whereby the membrane is
sandwiched between the catalyst-coated substrates (CCS) i.e.,
gas diffusion electrodes, and hot-pressed. Catalyst coated
membranes (CCM) may also be used, in which case the CCM is
sandwiched between gas diffusion layers and hot-pressed or
directly assembled into the cell without pressing.**¢” Unlike LT-
PEMFCs, HT-PEMFCs are generally not hot-pressed close to the
glass transition temperature of the PBI membrane (425-436 °
C).*** Some studies that use hot-pressing to assemble the MEA
do not give the hot-pressing temperature.”*"** Where given,
typical temperatures, pressures and durations are 130-200 °C,
~2-10 N mm > and 0.5-10 min, respectively.33%154160
Assembly of HT-PEMFCs can be achieved without hot-pressing
as the triple-phase boundary is formed by the liquid PA network
within the catalyst layers which can be distributed when the cell
is assembled, heated and bolt torque applied.'*****'°* However,
this may cause a greater level of delamination.'** The effect of
hot-pressing conditions has been studied for LT-PEMFCs."**%*
However, there are few studies in the literature for HT-PEMFCs,
and this is an area that requires further study and optimisation.
Hot-pressing in HT-PEMFCs is often an important step and is
one of the PA loss mechanisms whereby PA penetrates into the
diffusion layers and is lost.>>'%
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Fig. 2 Total ionic conductivity of PA as a function of water content
and the contributions from structural diffusion and ionic transport of
HzO" and H,PO, . Adapted from ref. 92 with permission from the
Royal Society of Chemistry.
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The activation process occurs after assembly but prior to
testing or general operation. The aim of this process is to enable
the maximum fuel cell performance to be achieved via a “break-
in” period. The activation of LT-PEMFCs is mainly focused on
the hydration of the PFSA membrane.'*® During HT-PEMFC
activation, PA is redistributed from the electrolyte driven by
current, capillary force, and hydrophilic and hydrophobic
properties of the catalyst layer.">® The optimal interface is ach-
ieved when the carbon support, catalyst sites and membrane are
connected by a thin film of PA. This optimum is disrupted by
the presence of water.'” Sufficient penetration of PA into the
catalyst layers is required for catalyst utilisation and limitation
of the charge transfer resistance.’®® The activation procedure
used can greatly influence the uniformity of current distribution
and required procedure duration, not just the steady-state
voltage."” The procedure is also required to provide reproduc-
ible performance over time.'* Galvanostatic (constant current)
activation is reported to yield the best results compared to
current cycling, potential cycling, temperature cycling, and
increased back pressure activation.'>*’*** Uneven distribution
of PA within the MEA can initially lead to severe heterogeneous
current density distributions which can cause local hot spots,
resulting in local catalyst and membrane degradation.* Typi-
cally, galvanostatic activation is performed at low current
densities (0.2 A cm ™ ?) and the duration ranges from 24 to 100
hours.'?>1%1727174 This is in contrast to LT-PEMFCs where the
activation procedure duration required is typically 6-20 hours,
and often utilises potential cycling.'”>"7®

2.2.4 Start-up. HT-PEMFCs operate above the boiling point
of water but may be below this value before start-up. LT-
PEMFCs have shorter start-up times than HT-PEMFCs due to
the lower operating temperature. Start-up processes for HT-
PEMFCs using the heat release from the electrochemical reac-
tion to aid in the warming process are generally faster than
those that do not use reaction heat; any reaction heating is
typically accompanied by gas or coolant heating."”***> The issue
with using reactant heating for HT-PEMFCs is the formation of
liquid water below the boiling point. As is discussed in more
detail in Section 2.2.5, the presence of water influences PA loss.
Many of the studies on the start-up process for HT-PEMFCs
focus almost entirely on the start-up time and energy effi-
ciency and not its effect on performance degradation. Some
studies begin reaction heating below 100 °C to minimise start-
up time,****** while others only use reaction heating above 100 ©
C, likely to reduce acid loss."”****7*#* Further research into the
performance degradation due to the heating of the stack from
cold is required. Even less research has been conducted into the
performance of HT-PEMFCs operating at sub-zero conditions.
However, good performance has been achieved by HT-PEMFCs
operating at sub-zero conditions due to PA being the main
proton conduction mechanism, and therefore are not so
sensitive to water in solid form as LT-PEMFCs. %%

2.2.5 Degradation mechanisms specific to HT-PEMFCs.
HT-PEMFCs share many degradation processes with LT-PEMFCs,
but often at a higher rate due to the increased temperature.******
These include carbon corrosion,?*'#% pt dissolution, detach-
ment, Ostwald ripening, sintering, and agglomeration,'*'#*91>

This journal is © The Royal Society of Chemistry 2024
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catalyst layer damage caused by H,-air interfaces during start-
up,’**** chemical attacks on the membrane,*****® and membrane
thinning.””** HT-PEMFCs are also susceptible to carbon
monoxide (CO) poisoning as they use a Pt catalyst." However,
their tolerance for CO is much higher: HT-PEMFCs can withstand
CO contents of 3-5% (30000-50000 ppm),****® whereas LT-
PEMFCs show significant performance decrease around 0.005%
(50 ppm).***** Reformate after the water-gas-shift reaction has
a typical CO content of 2%.%** Therefore, HT-PEMFCs have the
potential to use reformate fuel directly, whereas LT-PEMFCs
cannot without additional cleaning, which adds cost and
complexity. This is a major advantage over LT-PEMFCs in terms of
commercialisation, as methods using steam-methane reforming
are currently the cheapest way to produce hydrogen.>* It is even
reported that CO can help to mitigate carbon corrosion and ECSA
loss during load cycling.”® Engl et al. found CO blocked catalyst
sites and inhibited the electrochemical reactions, easing degra-
dation via the reverse current mechanism.**

Introduction of PA to the system leads to degradation
mechanisms that are not present in LT-PEMFCs. One of these
mechanisms is acid migration. The number of PA molecules per
imidazole group (acid doping level) can be as high as 70.>*® This
results in significant quantities of free acid with high mobility.
As discussed in Section 2.2.2, there are multiple proton
conductions mechanisms. One is the transport of H,PO,  from
cathode to anode. Anion migration accounts for approximately
2-4% of the total charge transfer under typical HT-PEMFC
conditions.”” This migration of H,PO, increases with
current density and doping level, and can lead to sufficient acid
pressure at the anode to penetrate the catalyst layer and porous
structures, potentially resulting in electrode flooding and acid
loss. 124157208209 The leaching out of the membrane will cause
ohmic resistance to increase, electrode flooding may impede
mass transport of reactants, and ultimately reduce cell life-
time.**”2%%2% The increase of H,PO, at the anode leads to
a concentration gradient which causes back diffusion towards
the cathode, and under steady-state conditions an equilibrium
is reached.”®” The leaching acid typically travels through over-
lapping catalyst layer and MPL cracks." Designing catalyst
layers and MPLs that have smaller cracks, and reducing crack
connectivity between the catalyst layer and MPL can signifi-
cantly reduce acid loss via this mechanism.*"*

Despite the H,PO,  migration mechanism, the majority of
PA leaching during operation occurs at the cathode. Phosphoric
acid is highly hygroscopic and hydrophilic, and the generation
of water at the cathode causes free PA to be washed out.™”4%21°
A recent study suggests that it is not the PA-water interaction
that leads to leaching, but rather the inability of the polymer to
hold both water and PA above a certain level.”™ As the
membrane is exposed to water, the PA cluster takes up water
until it is limited by the polymer chains, the addition of water
increases the cluster interaction energy and PA molecules are
exchanged for water molecules which results in acid leaching.
And as temperature increases, the water vapour pressure
exceeds the hydrogen bonding of water to the PA cluster, and
water molecules begin to escape; this explains why PA loss has
been reported to be negligible at higher temperatures (160-180

This journal is © The Royal Society of Chemistry 2024
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°C).'8e187211 This newly proposed PA loss mechanism due to the
exposure to water and high temperatures is shown in Fig. 3.

Another loss mechanism is PA evaporation. Despite the low
vapour pressures of PA below 300 °C, acid can still be lost
through evaporation, and this loss increases with temperature
and reactant gas flow rate.*"

Acid can also be lost during MEA assembly. If the hot-
pressing conditions are not optimised (particularly over-
compression) the diffusion layers can be soaked with
acid.?>'®® Once this acid enters the electrodes, it will be lost
during conditioning or normal operation as the gases remove it
from the porous diffusion layers. Therefore, it is important not
to over-compress during assembly as this is another mechanism
of acid loss. In summary, the acid loss mechanisms are:

(1) Phosphate anion migration from cathode to anode
resulting in sufficient acid pressure to cause leaching at the
anode;

(2) Significant water content causing free PA to be effectively
washed out at the cathode;

(3) Evaporation of PA at high temperatures;

(4) PA penetration into the diffusion layers during hot-
pressing.

While not a significant degradation mechanism, it is worth
noting that as temperature increases and PA water content
decreases, PA condensation reactions occur. The condensation
products are polyphosphoric acids of higher molecular weight
(e.g., H4P,05, HsP304,).”> This results in slower phosphate
diffusion and a reduction in hydrogen bond network frustra-
tion, leading to a slight decrease in ionic conductivity.®>* Lower
molecular weight species (H;PO,) are regained by increasing the
water content and subsequent hydrolysis reactions. A benefit of
PBI membranes is the acid-base interaction reduces the
concentration of condensation products while increasing the
ortho-phosphate species.”

HT-PEMFCs also suffer from phosphate adsorption onto the
Pt catalyst which block reaction sites and inhibit ORR and
HOR."*>?'3211 Adsorption of the phosphate species at the
cathode is dependent on temperature and potential. The
potential dependence is illustrated in Fig. 4. Hydrogen and
oxygen adsorption are dominant below 300 mV and above
800 mV, respectively. Intermediate voltages (300-800 mV) are
dominated by phosphate adsorption, and increasing the
temperature decreases this window.'*® Phosphate adsorption
also occurs at the anode but is not expected to cause serious
poisoning and may even assist in stabilising hydrogen adsorp-
tion. CO in the anode gas feed can increase phosphate
adsorption, whilst the presence of water decreases coverage.”*

HT-PEMFCs that use phosphonated polymers may also
suffer from phosphonic acid anhydride formation which
decreases proton conductivity; although, polymers can be
designed with hydroxyl groups with low reactivity in phos-
phonic acid to avoid this formation.******

2.3 State-of-the-art HT-PEMFC performance

Table 1 gives an overview of HT-PEMFC and LT-PEMFC
performance. HT-PEMFCs are clearly able to achieve high
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power densities and proton conductivities. PA-PBI based HT-
PEMFCs show good performance at temperatures of =160 °C.
Operation at temperatures much higher than this can cause
issues with PA evaporation.”*** A recent study showed good
performance and PA retention from —20 to 200 °C using
ultramicroporous PA-doped Troger's base polymers (Fig. 5).*°
The improved retention was attributed to the acid-base inter-
actions and syphoning effect of microporosity. Recent work has
also shown the promise of ion-pair membranes, specifically
QAPOH which have demonstrated excellent PA retention at
lower temperature operation.'*>*'*?*> The use of ion-pair and
phosphonated polymer ionomeric binders have also been
shown to improve HT-PEMFC performance by increasing acid
retention and limiting anhydride formation.*''**'* Fig. 6
shows a comparison of polarisation curves for protonated and
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Fig. 4 Dominating species adsorption on Pt catalyst across the
polarisation curve. Reprinted with permission from ref. 152, Copyright
(2013) American Chemical Society.
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non-protonated QAPOH-PA, and PBI-PA HT-PEMFCs to a LT-
PEMFC and anion exchange membrane (AEM) FC. Use of
QAPOH membranes and protonation of the ionomer showed
a significant performance improvement over the PBI HT-
PEMFC. The exponential voltage decay at high current densi-
ties is visible for the LT-PEM and AEM fuel cells, typically due to
electrode flooding impeding reactant transport.*® Operating at
HT-PEMFC temperatures results in a relatively linear i-V rela-
tionship at high current densities, due to the absence of liquid
water. The HT-PEMFC using protonated phosphonic acid ion-
omers can achieve current and power densities comparable to
the LT-PEMFC. Although, low current density performance is
poorer for HT-PEMFCs due to sluggish ORR rates in concen-
trated PA.>*>?

While high power densities are achieved with HT-PEMFCs,
many of the studies use pure oxygen instead of air to achieve
this performance. In many applications such as vehicles, air
would be supplied instead, and the peak power density will be
significantly reduced. The U.S. DoE has set a rated power target
of 1800 mW cm™ > to be achieved with air supplied to the
cathode by 2025.>"” The data suggests commercial LT-PEMFCs
are closest to achieving this target, although much of the
information about commercial cells and stacks is proprietary.
HT-PEMFGCs still require performance improvement to achieve
power densities >1000 mW cm™> under H,/air operation. In
addition, the total Pt group metal (PGM) content is recom-
mended to be =0.10 mgpam cm ™22 Table 1 and Fig. 6 show
that significantly higher Pt loadings are used for HT-PEMFCs to
achieve performance similar to LT-PEMFCs. Generally, Pt
content needs to be reduced by a factor of 10 to meet the rec-
ommended target.

Power density is not the only important performance crite-
rion. Durability is critical to real-world use of fuel cell tech-
nology. LT-PEMFCs have shown their durability in applications,

This journal is © The Royal Society of Chemistry 2024
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and have met or exceeded durability targets in some cases, but
still require improvement.**®* The U.S. DoE 2025 targets require
dynamic durability exceeding 8000 hours based on its own drive
cycle protocol. Tables 2 and 3 show the steady-state and
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Fig. 6 Hy/air polarisation curves for (a) protonated and non-protonated QAPOH, and PBI HT-PEMFCs at 160 °C and 148 kPa backpressure, and
(b) Nafion LT-PEMFC and AEMFC at 80 °C and 148 kPa backpressure, with anode/cathode Pt loadings of 0.5/0.7, 0.5/0.6, 1.0/0.75, 0.1/0.4, and

0.5/0.6 mgp, cm™2, respectively.®™
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trends can be inferred. Generally, the reported degradation
rates in Tables 2 and 3 are similar for LT and HT-PEMFCs.
However, LT-PEMFCs can achieve such rates at higher current
densities and voltages and therefore can achieve a higher power
density with a similar degradation rate to HT-PEMFCs. LT-
PEMFCs are closer to achieving the 2025 durability target of
8000 hours under DoE test protocols, likely due to their maturity
and greater testing and characterisation under dynamic
conditions. There are far fewer studies of HT-PEMFCs using
drive cycles, therefore, it is more difficult to state the current
status under these test conditions. However, studies have
shown cycling at high current densities typically leads to high
degradation rates in HT-PEMFCs due to loss of acid from the
membrane and through the diffusion layers, and catalyst layer
degradation.*®'*>?'* Crucially, HT-PEMFCs require significantly
higher PGM loadings compared to LT-PEMFCs to achieve these
degradation rates as is evident in Tables 2 and 3. Therefore,
research efforts should be aimed at improving durability and
reducing PGM content, with a key tool in achieving this being
effective characterisation.

There are also fewer studies reporting the durability of HT-
PEMFC stacks, particularly under dynamic conditions. This
may be partly attributable to the increased material cost of
testing stacks, as well as the testing hardware available.
However, large active area cells assembled into stack hardware
is more representative of commercial systems than are small
area MEAs. Thus, testing and characterisation at the stack level
is an important step in commercialising the technology. The
degradation rates in Table 2 for stacks are typically higher than
MEAs, suggesting the cell area scale up and stack design may
have important effects on durability. These improvements
required for HT-PEMFC performance and durability necessitate
the development of advanced characterisation techniques and
standardised AST protocols. These techniques must allow for
comprehensive assessment and comparison across multiple
scales from physico-chemical processes, up to overall electro-
chemical performance.

3. Electrochemical characterisation
techniques

The electrochemical performance of the cell must be evaluated
as it is one of the most important parameters alongside cost.
Electrochemical techniques are used to evaluate the perfor-
mance, degradation and durability, and are also used to validate
and inform modelling efforts.

3.1 Polarisation curve

The polarisation curve is a common method of evaluating
PEMFC performance. For HT-PEMFCs, the method involves
initially stabilising the fuel cell at constant current, typically 0.2
A em™” to avoid high potentials which could cause carbon
corrosion at lower current densities or PA loss at high current
densities.>***** After stabilisation, the current density is incre-
mentally increased from 0 A cm > with a constant step time e.g.,
30 s, and the corresponding voltage at each increment is

This journal is © The Royal Society of Chemistry 2024
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measured, referred to as a galvanostatic sweep. Typically, once
the voltage drops below a pre-set value, the current direction is
reversed, and the voltage is measured again at each increment.
This is particularly important for LT-PEMFCs which can exhibit
significant hysteresis behaviour.”’**** The hysteresis effect is
attributed to the water dynamics in the membrane due to the
water generation at the cathode, and water storage capabilities
of the membrane and GDLs.**® The influence of water on proton
conduction and electrode flooding means the water dynamics
affect the performance, with the backward sweep typically
yielding better performance.>® This can be attributed to
a greater level of membrane hydration for the backward sweep
as water has accumulated at higher current densities during the
forward sweep. HT-PEMFCs have also been reported to exhibit
hysteresis behaviour, an example of this is shown in Fig. 7.>3%>%”
However, discussion on the phenomenon in HT-PEMFCs is very
limited. PA is hygroscopic, and water is known to improve the
conductivity of HT-PEMFCs. Therefore, the hysteresis effect
may be attributed to water dynamics as in LT-PEMFCs. In this
case, it should be expected that the hysteresis effect for HT-
PEMFCs is less severe than for LT-PEMFCs due to the greatly
diminished influence of water on membrane conductivity
characteristics. However, literature reports are inconclusive as
both sweep directions have been reported to yield the best
performance depending on the study.”®***” Further research is
required to confirm the cause of hysteresis and the dependence
on operating conditions. The degree of hysteresis may then be
useful as a diagnostic technique.”*® Due to the length of hold
and measurement times, polarisation curves capture the
pseudo steady-state performance, which can be useful in steady-
state modelling. However, other techniques are required for
analysis of dynamic performance.

3.2 Current interrupt (CI)

Current interrupt (CI) is a simple and fast technique for
determining high-frequency resistance (HFR). CI involves
measuring the voltage response to an abrupt step-change in

0.9

. : : : .
' —a— V|, forward

@ V-|, backward
Power-l, forward

»

| ™y — Power-l, backward
U
0.7 4 LY
o e s
= =2 {16 =
o 0.6 e
g g
= s = <)
o 2 i 44 &
> 054 l“l,‘
3 42
044 ‘\'\-\‘
40
0.3 v T T T T T T T g
0 5 10 15 20 25 30

Current (A)

Fig. 7 Polarisation curve showing hysteresis behaviour in HT-PEMFC
operating at 160 °C with dry input gases. Reprinted from ref. 256,
Copyright (2015), with permission from Elsevier.
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current. This measurement can be done in parallel with
polarisation curve measurements, which is beneficial as it
captures the resistance change as a function of current. CI is
often used to estimate HFR, and this is predicated on the
principle that the voltage response to ohmic resistance is
nearly instantaneous, and therefore can be distinguished from
other losses in the response.”®® CI has been reported to give
higher resistance values than electrochemical impedance
spectroscopy (EIS) due to the larger perturbation of CI causing
non-zero potential distributions within the porous electrodes,
yielding an additional ohmic loss contribution.?*® Also, if the
measurement frequency used to determine HFR during CI is
significantly lower than EIS, e.g., 10> Hz compared to >10° kHz,
this would result in non-ohmic resistance contributions being
measured. Despite this, CI is often used to infer membrane
resistance,” and has the benefit of being less complex than
EIS. The CI method does not differ between LT and HT-PEMFC
technology.

3.3 Electrochemical impedance spectroscopy (EIS)

EIS is another widely-used method for characterising electro-
chemical systems, and for the theory of the technique and
application to PEMFCs in general, the reader is referred to
existing review articles.”**?** During an EIS measurement, the
fuel cell is held at a constant current (or voltage if using
potentiostatic mode), an AC perturbation signal which is typi-
cally 5-10% of the DC signal (or approximately 10 mV if using
potentiostatic mode) is applied and the voltage (or current)
response is measured.”**>*> The optimum amplitude requires
a trade-off that allows sufficient signal-to-noise without
violating linearity or stability requirements; the optimum
amplitude may also vary with frequency. Total Harmonic
Distortion (THD) has been used to identify the optimum
amplitude as a function of frequency, with values ranging from
5-80% of the DC current signal.>®®* Galvanostatic EIS is generally
preferred for fuel cells as it is less likely to result in the cell being
overloaded compared to potentiostatic mode whereby small
voltage changes result in large current changes.”® However,
potentiostatic mode allows for better representation of elec-
trode kinetics which are potential-dependent. The impedance
measurement is repeated at intervals across a wide frequency
range. The typical frequency range for electrochemical systems
is 0.01 Hz to 10 kHz, with 10 points per decade.*® A range of
0.1 Hz to 100 kHz has been recommended specifically for HT-
PEMFCs.”* The fuel cell should be held at the EIS measurement
conditions of interest prior to recording the spectrum to enable
stable measurements; values between 5 min and 30 min are
reported for HT-PEMFCs,”**?% and the necessary time may
differ with operating conditions. The resulting spectra then only
provides a snapshot of the impedance at this condition (e.g.
potential, temperature, relative humidity, pressure, etc.).
Therefore, many measurements may need to be taken
depending on the application of characterisation data.

The gases used may also differ depending on the desired
analysis. Generally, EIS is run with H, at the anode, and air (or
0,) at the cathode. This is most useful for analysing the fuel cell
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under typical operation, and allows analysis of ORR and oxygen
mass transport impedances to be measured. However, by
supplying N, to the cathode, these impedance mechanisms
along with water and electrochemical heat generation are
removed. By neglecting the anode by assuming fast HOR and no
H, mass transport limitation, the fuel cell impedance is the sum
of the cathode catalyst layer impedance, membrane resistance,
and other electronic resistances of the system.”®® Therefore, the
proton resistance and charge double layer capacitance of the
cathode catalyst layer can be determined by fitting a transition
line model, where the 45° line at high frequencies is related to
the proton resistance.

EIS is very useful for investigating different mechanisms
within the fuel cell e.g., charge transfer, double-layer capaci-
tance, mass transport of reactant species, and ohmic resis-
tance.**>?”° This is due to its ability to measure the impedance
evolution and accumulation over a wide frequency range, which
enables separation of mechanisms 