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Challenges and opportunities for characterisation
of high-temperature polymer electrolyte
membrane fuel cells: a review

Adam Zucconi, ab Jennifer Hack,ac Richard Stocker,d Theo A. M. Suter, a

Alexander J. E. Rettie *a and Dan J. L. Brett *a

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 (CO2, NOx, SOx, particulate matter, etc.),1–4 evidence

of a causal link between economic growth, higher mortality

rates and environmental degradation,4–8 fossil fuel price

fragility and general increasing price trend,9–11 and higher

economic costs due to trends in climate policy favouring non-

fossil fuel markets and carbon taxes.12,13 Renewable energy

combined with electried power systems is experiencing rapid

growth in light of these issues.14–16

Polymer electrolyte membrane (also called proton exchange

membrane) fuel cells (PEMFCs) are a promising energy

conversion technology. These fuel cells convert the chemical

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.17,18 Such devices already

have an established presence in niche markets such as material

handling and remote/back-up power,19,20 and are expected to

play a key role in the decarbonisation of heating, power, and

transport.19 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.21

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.22 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) modied LT-PEMFCs where the membrane has

been adapted to retain more water at temperatures above 100 °

C, oen by adding inorganic llers; and (ii) HT-PEMFCs with

phosphoric acid (PA)-doped polybenzimidazole (PBI)

membranes.23 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

specied independently in the remainder of the review.

1.2 Motivation for HT-PEMFCs

LT-PEMFCs based on conventional peruorosulphonic acid-

based membrane electrolytes suffer from relatively high

membrane cost, water management issues, catalyst poisoning,

and expensive precious metal catalysts.24 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.22,24–26

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 (H2S) can signicantly reduce

performance.27–31 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.27 This

low tolerance to impurities requires hydrogen purities of

99.999% or higher, which leads to higher costs.22 The adsorp-

tion of CO onto Pt has high negative entropy, i.e., it becomes

less favourable as temperature increases,32 resulting in an

impurity tolerance up to three orders of magnitude higher for

HT-PEMFCs.33–35 This tolerance allows for lower purity, cheaper

hydrogen to be used, or even other fuels e.g., methanol, natural

gas and liqueed petroleum gas can be used in HT-PEMFCs

where hydrogen infrastructure is lacking.25,26

1.2.2 Faster reaction kinetics. Increased temperature also

benets reaction kinetics as the HOR and oxygen reduction

reaction (ORR) exchange current densities increase.36,37 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 Naon dehydration at higher

temperatures.36 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.37 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−2 and 0.1–0.4 mg cm−2, respectively.38 This is

discussed in more detail in Section 2.1.3.

1.2.3 Simplied water management. Water exists in both

liquid and vapour states during operation of LT-PEMFCs, and is

critical for proton conduction.39–44 Electrode ooding is

a common issue for LT-PEMFCs and is caused by formation and

accumulation of excessive liquid water, and ultimately impedes

performances.42,45,46 Operating above the boiling point of water

should result in only water vapour being present within the HT-

PEMFC at pressures close to atmospheric,47 simplifying water

management. While some types of HT-PEMFCs require water

for proton conduction,48,49 the most common technology (acid-

doped PBI membranes) operates under non-humidied condi-

tions and uses PA as the proton conductor.50 This allows the

system to operate without a humidier, which is benecial in

applications requiring small system volumes such as automo-

tive vehicles.50

1.2.4 Simplied 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.25 Operating at >120 °C is sufficient to

mitigate this effect,26 because higher operating temperatures

permit easier heat removal and improved energy recovery.51 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-specic

and volume-specic power density.52 The heat generated from

HT-PEMFC stacks can be used for methanol and water evapo-

ration in reformer systems.53 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.54

1.3 Purpose of this review

Many of the review papers on HT-PEMFCs focus on the

membrane.24,25,55–63 While there are review papers that discuss

the characterisation of materials, components, and cells,38,47

these are limited to subsections of larger reviews. Character-

isation techniques for LT-PEMFCs have been reviewed,20,64–66 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 eld 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 J. Mater. Chem. A
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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.24,25,55–63

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

oen includes a microporous layer (MPL), typically containing

PTFE to increase hydrophobicity much like in LT-PEMFCs,67 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.68,69 The

reduction in liquid water at higher temperatures means the

diffusion media are less sensitive to electrode morphology.70

Optimised porosities for HT-PEMFCs are lower in general,

typically 25–45% vs. 60–90% for the low-temperature

technology.71–76 GDL thicknesses are similar (200–400 mm),

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 peruorosulphonic 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.79 This membrane type must be

hydrated to achieve high ionic conductivity and durability,

which requires humidication strategies and increased

complexity of the system.80 Operation at higher temperatures

dramatically reduces the proton conductivity; therefore,

different membranes are required to operate at high tempera-

tures and anhydrous conditions.24

PFSA membranes have been modied to operate at higher

temperatures (up to 120 °C) whilst still using water as the

proton conductor.57,81 Inorganic llers such as graphene oxide

(GO), SiO2, TiO2, and ZrO2 can be added to the PFSA membrane

to improve water retention and performance at higher

temperatures and lower relative humidity.81–88 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.67 Most crucially, both PFSA and sulpho-

nated hydrocarbon membranes still require humidication 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

proton conductivity under anhydrous conditions, low gas

permeability, and good thermal and chemical stability.47 Proton

conductivity can be increased by increasing the acid doping

level; however, this decreases mechanical strength due to the

strong plasticising effect.89–91 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 H3O
+ and

H2PO4
−.67,92,93 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.63,67,94–96 Optimisation of

acid doping should maximise performance whilst maintaining

mechanical strength andminimising acid loss.67 Improvements

in these areas have been achieved using PBI-based composite

membranes by the use of crosslinking,97–99 and three-layered

membranes.100 Advances have also been made with the addi-

tion of inorganic llers,98,101–103 heteropolyacids (HPAs),104–106

carbon nanotubes,107,108 and metal–organic frameworks

(MOFs).109–111

A promising alternative to PA-PBI are ion-pair coordinated

membranes, specically quaternary ammonium functionalised

polymers (QAPs). The quaternary ammonium species causes

complete deprotonation of PA, enabling a strong interaction

between ammonium cations and biphosphate anions.55,112

Strong PA retention is possible at lower temperatures (<140 °C),

moderate humidication, and higher temperatures (>200 °C).55

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.113,114

Additionally, the use of an intrinsically microporous Tröger's

base-derived polymer membrane has been shown to allow

operation between −20 °C and 200 °C, whilst displaying

exceptional performance retention even aer start-up/

shutdown cycling at 15 °C and −20 °C.115

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.50 This is important as the balance between good

performance due to higher catalyst loadings and reasonable

cost is unresolved.116 Despite this, carbon-supported Pt-based

catalysts are still the most utilised in HT-PEMFCs, as in LT-

PEMFCs.25,38 As mentioned in Section 1.2.4, typical HT-PEMFC

Pt loadings are around 1.0 mg cm−2. This is attributed to

poorer Pt utilisation, slower oxygen transport, and sluggish ORR

kinetics in PA.38,55 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.117–119 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 This journal is © The Royal Society of Chemistry 2024
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electrode surface.38 The impact of Pt alloys on phosphate

adsorption is unclear and requires additional research to

identify the impacts of alloying.25

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.120,121 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.120,122,123

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,

PTFEmay also be added to improve water management.124 PTFE

is the most common binder material in HT-PEMFCs due to its

hydrophobicity and thermal stability.55 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.116 Optimisation of the PA in the catalyst layer is required

as too much PA leads to electrode ooding which impedes

oxygen transport to catalyst sites, and non-uniform distribution

reduces catalyst utilisation.125 The catalyst microstructure

should be designed tominimise 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.126,127 PTFE optimisation is also important as it affects

acid uptake and too much will ood the catalyst layers and

reduce membrane conductivity.128 The binder can also obstruct

reaction pathways and decrease performance.55 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 Naon and PTFE yielded the

best Pt poisoning protection.129 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.130,131

Phosphonated polymers show promise as ionomeric binders.

They have the benets 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 ooding of

the electrode.113 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.114 However, improvements are still required under

high voltage conditions, dynamic drive cycles, and partial

humidication, along with the practicality of scaling up to

a full-size stack (e.g., non-uniform reactant supply and

membrane-electrode contact).114

2.1.4 Bipolar plates and gaskets. Bipolar plates require

high electrical conductivity to minimise ohmic losses, must be

able to withstand the high compaction pressure during stack

assembly, have stability at high temperatures, and possess very

low gas permeability.132,133 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.47,134 Graphite

plates have traditionally been used due to their chemical

stability and high electronic conductivity.50 Composite bipolar

plates have been suggested as replacements for pure graphite

bipolar plates due to their higher specic strength and stiff-

ness.132 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.135–137 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.138 Metal foams can also improve mass

transport properties and reduce resistance compared to

graphite.139 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

signicantly reduce the degradation rates.134,140–143 Due to these

issues, graphite-based bipolar plates are currently preferred.138

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.47,138 Fluoroelastomers (FKM),

ethylene propylene diene monomer (EPDM), silicon, and PTFE

are all commonly employed HT-PEMFC gasket materials.52,144

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:

2H2 (g) + O2 (g)/ 2H2O (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 humied

conditions will also depend on the proton conduction method.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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Despite typically operating without external humidication, PA-

based HT-PEMFCs can achieve conductivity improvements

when humidied compared to non-humidied 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.92,145 However, PA loss

increases with higher water content.146,147

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, oen 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”.38,67 The

proton conductionmechanisms are complex and depend on the

doping level and water content.67,92 There are several mecha-

nisms suggested for proton conduction in PA-PBI fuel cells:148

(1) Hopping from the N–H sites to PA anions (H2PO4
−), most

relevant for low doping scenarios i.e., no free acid;

(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.93 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 signicant

contribution of rapid structural diffusion (hopping) to proton

conductivity (∼97% in neat PA).92 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

Fig. 1 Schematic of HT-PEMFC operation including structural proton conduction and vehicular conductivity mechanisms. Relative component

sizes are not to scale.
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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 H3O
+ and H2PO4

−.92 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.149

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.93

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.22,67 Unlike LT-

PEMFCs, HT-PEMFCs are generally not hot-pressed close to the

glass transition temperature of the PBI membrane (425–436 °

C).150 Some studies that use hot-pressing to assemble the MEA

do not give the hot-pressing temperature.151–153 Where given,

typical temperatures, pressures and durations are 130–200 °C,

∼2–10 N mm−2, and 0.5–10 min, respectively.53,130,154–160

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.125,128,161 However,

this may cause a greater level of delamination.162 The effect of

hot-pressing conditions has been studied for LT-PEMFCs.163,164

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 oen an important step and is

one of the PA loss mechanisms whereby PA penetrates into the

diffusion layers and is lost.22,165

The activation process occurs aer 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.166 During HT-PEMFC

activation, PA is redistributed from the electrolyte driven by

current, capillary force, and hydrophilic and hydrophobic

properties of the catalyst layer.155 The optimal interface is ach-

ieved when the carbon support, catalyst sites andmembrane are

connected by a thin lm of PA. This optimum is disrupted by

the presence of water.167 Sufficient penetration of PA into the

catalyst layers is required for catalyst utilisation and limitation

of the charge transfer resistance.168 The activation procedure

used can greatly inuence the uniformity of current distribution

and required procedure duration, not just the steady-state

voltage.155 The procedure is also required to provide reproduc-

ible performance over time.169 Galvanostatic (constant current)

activation is reported to yield the best results compared to

current cycling, potential cycling, temperature cycling, and

increased back pressure activation.155,170,171 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.155 Typi-

cally, galvanostatic activation is performed at low current

densities (0.2 A cm−2) and the duration ranges from 24 to 100

hours.155,169,172–174 This is in contrast to LT-PEMFCs where the

activation procedure duration required is typically 6–20 hours,

and oen utilises potential cycling.175–178

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.179–182 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 inuences 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,180,181 while others only use reaction heating above 100 °

C, likely to reduce acid loss.179,182–184 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.115,185

2.2.5 Degradation mechanisms specic to HT-PEMFCs.

HT-PEMFCs share many degradation processes with LT-PEMFCs,

but oen at a higher rate due to the increased temperature.186–188

These include carbon corrosion,121,189,190 Pt dissolution, detach-

ment, Ostwald ripening, sintering, and agglomeration,156,189,191,192

Fig. 2 Total ionic conductivity of PA as a function of water content

and the contributions from structural diffusion and ionic transport of

H3O
+ and H2PO4

−. Adapted from ref. 92 with permission from the

Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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catalyst layer damage caused by H2–air interfaces during start-

up,193,194 chemical attacks on the membrane,195,196 and membrane

thinning.197,198 HT-PEMFCs are also susceptible to carbon

monoxide (CO) poisoning as they use a Pt catalyst.199 However,

their tolerance for CO is much higher: HT-PEMFCs can withstand

CO contents of 3–5% (30 000–50 000 ppm),34,200 whereas LT-

PEMFCs show signicant performance decrease around 0.005%

(50 ppm).201,202 Reformate aer the water–gas-shi reaction has

a typical CO content of 2%.203 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.204 It is even

reported that CO can help to mitigate carbon corrosion and ECSA

loss during load cycling.193 Engl et al. found CO blocked catalyst

sites and inhibited the electrochemical reactions, easing degra-

dation via the reverse current mechanism.205

Introduction of PA to the system leads to degradation

mechanisms that are not present in LT-PEMFCs. One of these

mechanisms is acidmigration. The number of PAmolecules per

imidazole group (acid doping level) can be as high as 70.206 This

results in signicant 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 H2PO4
− from

cathode to anode. Anion migration accounts for approximately

2–4% of the total charge transfer under typical HT-PEMFC

conditions.207 This migration of H2PO4
− 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 ooding and acid

loss.126,157,208,209 The leaching out of the membrane will cause

ohmic resistance to increase, electrode ooding may impede

mass transport of reactants, and ultimately reduce cell life-

time.157,208,209 The increase of H2PO4
− at the anode leads to

a concentration gradient which causes back diffusion towards

the cathode, and under steady-state conditions an equilibrium

is reached.207 The leaching acid typically travels through over-

lapping catalyst layer and MPL cracks.157 Designing catalyst

layers and MPLs that have smaller cracks, and reducing crack

connectivity between the catalyst layer and MPL can signi-

cantly reduce acid loss via this mechanism.69,126

Despite the H2PO4
− 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.147,149,210

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.211 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

°C).186,187,211 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 ow rate.212

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.22,165 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) Signicant 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 signicant 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., H4P2O7, H5P3O10).
92 This results in slower phosphate

diffusion and a reduction in hydrogen bond network frustra-

tion, leading to a slight decrease in ionic conductivity.92,93 Lower

molecular weight species (H3PO4) are regained by increasing the

water content and subsequent hydrolysis reactions. A benet of

PBI membranes is the acid–base interaction reduces the

concentration of condensation products while increasing the

ortho-phosphate species.93

HT-PEMFCs also suffer from phosphate adsorption onto the

Pt catalyst which block reaction sites and inhibit ORR and

HOR.152,213,214 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.152 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.214

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.113,114

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

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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power densities and proton conductivities. PA-PBI based HT-

PEMFCs show good performance at temperatures of z160 °C.

Operation at temperatures much higher than this can cause

issues with PA evaporation.114,212 A recent study showed good

performance and PA retention from −20 to 200 °C using

ultramicroporous PA-doped Tröger's base polymers (Fig. 5).115

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, specically

QAPOH which have demonstrated excellent PA retention at

lower temperature operation.112–114,215 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.113,114,215 Fig. 6

shows a comparison of polarisation curves for protonated and

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 signicant 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 ooding impeding reactant transport.216 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.53,213

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

signicantly reduced. The U.S. DoE has set a rated power target

of 1800 mW cm−2 to be achieved with air supplied to the

cathode by 2025.217 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-PEMFCs still require performance improvement to achieve

power densities >1000 mW cm−2 under H2/air operation. In

addition, the total Pt group metal (PGM) content is recom-

mended to be #0.10 mgPGM cm−2.217 Table 1 and Fig. 6 show

that signicantly 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,

Fig. 3 Schematic of (a) previous PA loss mechanism and (b) newly proposed PA loss mechanismwhen exposed to water and high temperatures.

Reproduced from ref. 211 with permission from the Royal Society of Chemistry.

Fig. 4 Dominating species adsorption on Pt catalyst across the

polarisation curve. Reprinted with permission from ref. 152, Copyright

(2013) American Chemical Society.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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Table 1 State-of-the-art HT-PEMFC performance vs. LT-PEMFC. T, RH, and P refer to temperature, relative humidity, and pressure, respectively

T (°C) RH an./ca. (%)

P an./ca.

(kPaabs)

Flow rate an./ca.
ow rate (mL min−1),

(cathode gas) Membrane/thickness (mm)

Pt loading an./ca.

(mg cm−2)

Peak power density

(mW cm−2)

Proton conductivity@temperature

(mS cm−1@°C) Ref.

LT-PEMFCs

60 100/100 101/101 35/70 (O2) Phosphosilicate sol-SPEEK/67 0.48/0.48 450 138@70 220

70 —/— 101/101 60/60 (O2) SiO2 SPEEK-Naon/72 0.40/0.40 589 18@80 221

75 100/100 —/— 100/100 (O2) TiSiO4-Naon/70 0.40/0.40 803 249@70 222
80 50/50 101/101 300/300 (O2) Phosphotungstic acid-graphene oxide-SPAEK/45 0.40/0.40 782 261@80 223

80 100/100 —/— 1.4/2.5 stoichiometry (air) Layered double hydroxide-SPEEK/— 0.40/0.40 560 230@80 224

80 100/100 148/148 500/500 (air) GORE/15 0.10/0.40 1300a — 114

80 30/50 250/230 1.3/1.5 stoichiometry (air) —/— —/— 1344 — 225
94 65/65 250/250 1.5/2.0 stoichiometry (air) Naon/14 —/0.20 1300a — 226

94 65/65 250/250 1.5/2.0 stoichiometry (air) Naon/14 —/0.05 960a — 226

100 100/100 148/148 500/500 (air) Naon/25 0.10/0.10 900a — 114

HT-PEMFCs

80 0/0 170/170 500/500 (O2) QAPOH/35 0.50/0.70 530 4a@80 114

120 0/0 101/101 100/200 (air) Pyridine-PBI/28 0.32/0.32 779 37@120 227
130 100/100 300/300 1.5/2.0 stoichiometry (O2) Naon/51 0.30/0.30 620 — 191

130 100/100 300/300 1.5/2.0 stoichiometry (O2) Aquivion/30 0.30/0.30 870 — 191

140 —/— —/— 300/500 (O2) Phosphonated polystyrene/— 0.25/0.375 184 5.8@140 228

160 —/— —/— —/— (O2) PBI/— —/— 638 89@160 229
160 0/0 —/— 80/160 (O2) PBI/30–50 —/— 713 150@160 230

160 0/0 —/— 82/296 (air) PBI/106 1.00/1.00 447 214@160 231

160 0/0 —/— —/— (air) QA-PBI/— 0.50/1.50 412 75a@160 232

160 0/0 101/101 200/200 (O2) Dimethylbiphenyl Tröger's base polymer/160 0.50/0.50 815 140a@160 115
160 0/0 147/147 500/500 (O2) PBI/50 0.50/0.60 500a 100a@160 113

160 0/0 147/147 500/500 (O2) QAPOH/40 0.50/0.60 1130 110a@160 113

200 0/0 147/147 500/500 (O2) QAPOH/40 0.50/0.60 1503 110a@200 113
200 0/0 170/170 500/500 (O2) QAPOH/35 0.50/0.70 2010 10a@160 114

200 0/0 101/101 200/200 (O2) Dimethylbiphenyl Tröger's base polymer/160 0.50/0.50 630a 120a@200 115

240 0/0 147/147 500/500 (O2) QAPOH/40 0.50/0.60 1740 110a@240 113

240 0/0 285/285 200/500 (air) SnP2O7-Naon composite/80 0.60b 410 80a@160 215

a Value estimated from plot. b Individual electrode loading not specied.
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and have met or exceeded durability targets in some cases, but

still require improvement.218 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

dynamic degradation rates of LT and HT-PEMFCs across

a range of tests.

Differences in durability testing protocols across studies

make direct performance comparisons difficult, but overall

Fig. 5 Polarisation curves, power density and high-frequency resistance of HT-PEMFCs based on TB and m-PBI membranes without back-

pressure or humidification: (a) TB/PA and m-PBI MEAs at 160 °C, (b) PA/dimethylbiphenyl (DMBP)-TB performance 80–200 °C, (c) DMBP-TB

MEA performance −20–40 °C, and (d) PA/DMBP-TB and PA/m-PBI MEA performance 40 °C.115

Fig. 6 H2/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 mgPt cm
−2, respectively.114

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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Table 2 Steady-state durability tests of HT-PEMFCs vs. LT-PEMFCs. T, RH, and P refer to temperature, relative humidity, and pressure, respectively

T (°C) RH an./ca. (%)
P an./ca.
(kPaabs) Membrane/thickness (mm)

Pt loading an./ca.
(mg cm−2) Voltage (V)

Current density
(A cm−2)

Test duration
(h)

Degradation
rate (mV h−1) Ref.

LT-PEMFC

55 20/20 101/101 Gore/— —/— 0.58–0.49a,b 0.50 1000 90b 233
70 100/100 101/101 GoreSelect/35 0.45/0.60 0.65–0.54 0.80 26 300 4–6 234

75 100/100 480/480 Dow/— 4.00/4.00 0.80–0.79a 0.86 11 000 1.3 235

75 100/100 480/480 Dow/— 4.00/4.00 0.85–0.83a 0.54 11 000 1.4 235

75 81/81 101/101 Naon/51 0.50/0.50 0.67c–0.61a 0.30 2700 22 236
80 100/100 150/150 GoreSelect/25 0.40/0.40 0.78–0.73a 0.20 2000 25 237

80 100/100 150/150 GoreSelect/25 0.40/0.40 0.96–0.93a 0.00 2000 20 237

HT-PEMFC

40 0/0 101/101 Dimethylbiphenyl Tröger's base polymer/160 0.50/0.50 0.48–0.41a 0.30 150 467 115

80 0/0 148/148 QAPOH/40 0.50/0.60 0.50 0.20 200 0 114

140 0/0 —/— PBI/50–75 1.00/0.75 0.62–0.59a 0.25 1600 13b 238
150 0/0 101/101 PBI/— 1.70 (total) 0.42–0.38a 1.00 1100 41 147

150 —/— 101/101 PBI/— 0.15/0.35 0.43a,b 0.20 1100 22b 239

150 0/0 101/101 PBI/— 0.90/1.70 0.70–0.55a 0.20 4000 16–53b 240

160 0/0 148/148 QAPOH/40 0.50/0.60 0.60c–0.59 0.60 2500 3.3c 114
160 0/0 147/147 QAPOH/40 0.50/0.60 0.55 0.60 550 0.35 113

160 0/0 101/101 PBI/40 0.30–0.36/0.9 0.62–0.55a 0.20 13 000 4.6c 241

160 0/0 101/101 PBI/40 0.30–0.36/0.9 0.59–0.57 0.20 13 000 1.4c 241

160 0/0 —/— PBI/45 1.00 (total) 0.67 0.20 187 36 110
160 0/0 —/— PBI/50–75 1.00/0.75 0.53–0.39 0.40 659 180b 242

167 1.5/0 —/— PBI/— —/— 0.53–0.49a 0.50 810 49a,b 243

180 0/0 101/101 PBI/90 0.25/0.78 0.65–0.62 0.20 10 400 2.3 100
200 0/0 —/— PBI/70 0.10/1.60 0.68–0.53 0.20 2700 27c 244

a Value estimated from plot. b Average of stack. c Value aer initial performance increase.
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Table 3 Dynamic durability tests of HT-PEMFCs vs. LT-PEMFCs. T, RH, and P refer to temperature, relative humidity, and pressure, respectively

T (°C) RH an./ca. (%) P an./ca. (kPaabs)

Membrane/thickness

(mm)

Pt loading an./ca.

(mg cm−2) Test prole

Test duration

(h or cycles)

Degradation rate

(mV h−1 or mV per cycle) Ref.

LT-PEMFC
40 100/100 —/— —/20 0.40 (total) Start-up/shutdown 1200 cycles 125@0.40 A cm−2 245

65 100/100 —/— —/20 0.40 (total) Start-up/shutdown 1200 cycles 233@0.40 A cm−2 245

80 100/100 —/— —/20 0.40 (total) Start-up/shutdown 1200 cycles 317@0.40 A cm−2 245
55 50/50 101/101 Naon/23 —/— Dynamic load cycle (NEDC) 300 h 40@0.00 A cm−2a,b 246

150@1.00 A cm−2a,b

75 50/50 101/101 Naon/23 —/— Dynamic load cycle (NEDC) 300 h 210@0.00 A cm−2a,b 246

560@1.00 A cm−2a,b

65 95/95 —/— Naon/— 0.10/0.40 Start-up/shutdown 1000 cycles 70@0.64 A cm−2a 247

80@1.00 A cm−2a

65 50/80 101/101 Naon/25 0.10/0.30 Current step cycling 2000 cycles 19@0.60 A cm−2b 248

130@1.00 A cm−2b

76 50/50 100/80c GORE-Naon/18 0.40 (total) Dynamic load cycle (NEDC) 1000 h 41@1.00 A cm−2a,b 249

80 90/90 101/101 Naon/28 0.09/0.61 Start-up only 750 cycles 27@0.67 A cm−2 250

Shutdown only 930 cycles 32@0.67 A cm−2

80 90/90 101/101 Naon/28 0.09/0.12 Start-up only 360 cycles 472@0.67 A cm−2 250

Shutdown only 660 cycles 273@0.67 A cm−2

80 100/100 101/101 —/18 0.018/0.10 Potential cycling 30 000 cycles 4@1.50 A cm−2 251

HT-PEMFC

160 —/— 101/101 PBI/50–75 1.00/0.75 High current cycling 51 h 400@0.60 A cm−2 189

500@1.00 A cm−2

80–160 1–16/1–16 68.9/68.9c QAPOH/80 0.60/0.60 Thermal cycling 550 cyclesa 390@0.15 A cm−2 112
80–160 1–16/1–16 68.9/68.9c PBI/50 1.00/0.75 Thermal cycling 70 cycles 11 143@0.15 A cm−2 (failure) 112

160 0/1.4 —/— PBI/40 1.50/1.50 Potential cycling 30 000 cycles 9@0.30 A cm−2a 156

25–180 —/— 101/101 PBI/— 1.00/0.75 Start-up/shutdown 4000 h 19@0.20 A cm−2 252

160 —/— —/— PBI/— 1.00/1.50 Start-up/shutdown 600 h 30@0.20 A cm−2 194
160 —/— —/— PBI/— 1.00/1.50 High current cycling 600 h 84@0.20 A cm−2 194

160 —/— —/— PBI/— 1.00/1.50 Low current cycling 600 h 115@0.20 A cm−2 194

160 0/0 100/100 PBI/50–75 1.00/0.75 High current cycling 70 h 486@1.00 A cm−2 146
160 0/0 100/100 PBI/50–75 1.0/0.75 Low current cycling 70 h 363@0.30 A cm−2 146

30–160 —/— —/— PBI/— —/— Start-up/shutdown 20 cycles 4–73@0.30 A cm−2 219

160 —/— —/— PBId/— —/— High current cycling 1100 cycles 32–62@0.30 A cm−2 219

48–144@0.60 A cm−2

68–314@1.00 A cm−2

80–180 0/0 —/— PBI/50–75 1.00/0.75 Start-up/shutdown 1562 cycles 26@0.25 A cm−2b 238

11@0.03 A cm−2b

a Value estimated from plot. b Average of stack. c Backpressure. d Three different MEA manufacturers.
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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.146,189,219 Crucially, HT-PEMFCs require signicantly

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 cm−2 to avoid high potentials which could cause carbon

corrosion at lower current densities or PA loss at high current

densities.253,254 Aer stabilisation, the current density is incre-

mentally increased from 0 A cm−2 with a constant step time e.g.,

30 s, and the corresponding voltage at each increment is

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

signicant hysteresis behaviour.216,255 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.216 The inuence of water on proton

conduction and electrode ooding means the water dynamics

affect the performance, with the backward sweep typically

yielding better performance.255 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. 7.256,257

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 inuence 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.256,257 Further research is

required to conrm the cause of hysteresis and the dependence

on operating conditions. The degree of hysteresis may then be

useful as a diagnostic technique.216 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

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.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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current. This measurement can be done in parallel with

polarisation curve measurements, which is benecial as it

captures the resistance change as a function of current. CI is

oen 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.258 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.259 Also, if the

measurement frequency used to determine HFR during CI is

signicantly lower than EIS, e.g., 102 Hz compared to >105 kHz,

this would result in non-ohmic resistance contributions being

measured. Despite this, CI is oen used to infer membrane

resistance,20 and has the benet 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.260–262 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.260–262 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.263 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.262 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.260 A range of

0.1 Hz to 100 kHz has been recommended specically for HT-

PEMFCs.264 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,264–267 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 H2 at the anode, and air (or

O2) at the cathode. This is most useful for analysing the fuel cell

under typical operation, and allows analysis of ORR and oxygen

mass transport impedances to be measured. However, by

supplying N2 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

H2mass transport limitation, the fuel cell impedance is the sum

of the cathode catalyst layer impedance, membrane resistance,

and other electronic resistances of the system.268 Therefore, the

proton resistance and charge double layer capacitance of the

cathode catalyst layer can be determined by tting 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.269,270 This is due to its ability to measure the impedance

evolution and accumulation over a wide frequency range, which

enables separation of mechanisms depending on their charac-

teristic time constants. This capability has been used to deter-

mine the effects of operating conditions, degradation, and

design optimisation.145,179,271–274 EIS data can be analysed using

equivalent circuit models (ECMs). These models can consist of

a combination of resistors, capacitors, inductors, and speci-

alised electrochemical components (Warburg diffusion and

constant phase elements).270 Analysis using ECMs is not

straightforward due to the complexity of fuel cell operation. EIS

data can be t using a variety of ECMs, and the more circuit

elements, the closer the t. However, purely empirical models

lack insight into the underlying physical and chemical param-

eters.20 To combat this, physically-representative models are

used, and the simplest and most common is the Randles

circuit.270 This ECM consists of a resistor representing the

electrolyte resistance connected in series to a parallel combi-

nation of a resistor and capacitor representing charge transfer

resistance and a double layer capacitance, respectively.

However, the simplicity may mean that delity is compromised,

and impedance processes may be missed. Other more complex

models are used to represent a greater number of different

impedance mechanisms within fuel cells, these are oen

developed in conjunction with distribution of relaxation times

(DRT) analysis.275,276 Applying these more complex models will

require knowledge of what features are expected in the spec-

trum and an understanding of the frequency dependence.

These models have been used to analyse the effects of

operating conditions in more detail as specic resistance and

capacitance values are attributed to individual impedance

mechanisms.186,275,276 The ECMs can also be used to model fuel

cell performance with dynamic capability.276–278

Despite the usefulness and ubiquity of EIS, difficulty remains

in obtaining valid spectra, and proof of the data validity is oen

missing from studies in the literature. To be valid, EIS

measurements must full certain criteria:260,270

� Linearity – the response to the input perturbation must be

linear- or at least pseudo-linear- for the mathematical analysis

to be meaningful. The relationship between voltage and current

in a fuel cell is oen non-linear. Therefore, sufficiently small

perturbations are required to achieve a pseudo-linear response

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A

Review Journal of Materials Chemistry A
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such that the system is under steady-state conditions. However,

the signal amplitude must be high enough for a sufficient

signal-to-noise ratio.

� Stability – the system response to the perturbation must

not cause the system to dri from steady-state. This can be an

issue for fuel cells at low frequencies as the system undergoes

changes e.g., oxide layer growth, adsorption of impurities,

temperature changes, etc.

� Causality – the output of the systemmust only be caused by

the perturbation input.

A validity check can be applied to the EIS data to determine if

any corruption occurred. The Kramers–Kronig (KK) trans-

formation is oen used to test the validity. The KK relation links

the real and imaginary impedance and allows one of these

contributions to be uniquely calculated if the other is known.

The KK transformations were derived under the same

assumptions required for valid EIS: linear, stable, and causal.260

Therefore, if the impedance contribution calculated using the

KK transformation does not adequately match the measured

spectra, the validity criteria have been violated. The difference

between the measured and KK-generated spectra are termed

“residuals”, Fig. 8 shows an example of KK and EIS-generated

spectra along with KK residuals. The residual limit for deter-

mining if the data is valid is not dened mathematically and

can vary between studies. Generally, the residual limit is 0.5–

1.0%.265,267,279 It is also important to inspect the residuals across

the frequency range in order to determine systematic errors that

may not yield residuals high residuals but still result in invalid

data.280 Maintaining constant conditions during the measure-

ment e.g., temperature, gas ow, pressure, etc., is required to

prevent instability or time-variance that can result in invalid

data. It is important to note that many EIS studies of PEMFCs in

the literature do not include the validity check, and thus

interpretation of the EIS data is problematic.

There are no signicant differences between conducting EIS

measurements for HT-PEMFCs compared to LT-PEMFCs. At the

highest frequencies, inductive behaviour is oen visible and is

caused by the test cables and equipment.269,280 This has been

reported in both HT-PEMFCs and LT-PEMFCs.272,279,281 The Zre
(also denoted: Z0) axis intercept at high frequencies, oen

referred to as HFR, is ascribed to ohmic resistance.262 As proton

conductivity dominates ohmic resistance, the intercept is used

to indicate electrolyte characteristics.267,279,282 This applies to

both LT andHT technology and the only difference is the proton

conductivity mechanisms. EIS spectra commonly display one or

more arcs. These arcs are attributed to different impedance

mechanisms. HT-PEMFCs share many of the same impedance

mechanisms, and these will show up in the spectra in a similar

way to LT-PEMFCs. These include charge transfer and mass

transport limitations. These can then be deconvoluted further

using DRT analysis which can provide attributions to electrode-

specic processes such as proton conduction, HOR, ORR, and

H2 and O2 transport impedance.265

The main difference when analysing HT-PEMFC EIS spectra

is the behaviour at low frequencies. LT-PEMFCs have been

repeatedly reported to exhibit an inductive loop at low frequen-

cies (<0.1 Hz); but oen studies do not show this behaviour, and

it is unknown if the studies omit it or if it is physically absent.269

An example of the inductive loop is shown in Fig. 9a. The loca-

tions of HFR, total polarisation resistance (total R), last

measured point (LMP) which is typically limited by equipment or

experimentation time, and the DC point which refers to the

resistance that would be measured as the slope of the polar-

isation curve, are indicated.269 The cause of the low-frequency

inductive loop is disputed. One explanation for the loop

involves side reactions with intermediate species. The multi-step

ORRmechanism involves adsorption of species onto the catalyst

sites and the formation of intermediates such as peroxide.283–285

One study suggested the inductive loop was caused by an inter-

mediate step and was not dependent on current or potential.286

The inductive loop has also been predicted by models

accounting for hydrogen peroxide intermediate formation as

part of ORR. It has also been explained by the formation and

relaxation of Pt oxide.283,285,287 Another explanation involves water

dynamics where the product water transport from cathode to

anode at high current densities leads to a membrane resistance

reduction.288,289 It has also been suggested that the slow uptake of

water by the membrane at high current densities and release at

lower current densities causes the inductive loop.290 The slow

hydration of the ionomer may also contribute to this inductive

effect.291 These explanations may be valid under low relative

humidity conditions, but other explanations may be required

under fully humidied conditions.269,290,291 CO poisoning is

another explanation for the inductive phenomena.292,293 Oxida-

tion of CO and subsequent desorption of CO2 results in an

increase in the number of sites for H2 chemisorption onto the Pt

surface, reducing the charge transfer resistance.294 Use of pure

O2 as the oxidant was reported to prevent the appearance of the

Fig. 8 (a) EIS Nyquist plot for HT-PEMFC operating at 160 °C at 0.3 A

cm−2 with KK fit, and (b) KK residuals as a function of frequency. The

EIS spectra have been normalised by subtracting the high-frequency

real axis intercept. Reprinted from ref. 265, Copyright (2017), with

permission from Elsevier.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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inductive loop, this was attributed to the direct chemical

oxidation of CO without intermediate steps.294 Overall, the cause

of the low-frequency inductive loop is still unclear and may

depend on multiple different processes.269

There are very few studies that report low-frequency induc-

tive behaviour for HT-PEMFCs (an example is shown in Fig. 9b).

This may be for several reasons: (i) there are fewer EIS studies of

HT-PEMFCs giving the appearance it occurs less frequently; (ii)

the behaviour does occur but is not being reported; (iii) the

changes in operating conditions i.e., higher temperature and

reduced water content mean that the behaviour appears only at

lower frequencies than is being tested, or rarely occurs at all.

There are studies that do report the inductive phenomena for

HT-PEMFCs and solid acid fuel cells.266,281,295 Within these

studies, the loop is signicantly smaller than in the LT-PEMFC

studies. Different conclusions may be drawn from this obser-

vation. One is that the change in conditions is reducing the

impact of intermediate species adsorption, Pt oxidation, CO

poisoning, and/or water dynamics. This is feasible especially as

ORR reaction rates and CO tolerance increase with temperature,

and HT-PEMFCs do not rely on water for proton conductivity.37

So far, the low-frequency inductive phenomena in HT-PEMFCs

has been attributed to phosphate poisoning, although Pt oxide

growth and relaxation may also contribute.281,295

EIS has also been used to investigate the effects of different

operating conditions on HT-PEMFC impedance,266 as shown in

Fig. 10. The effect of increasing temperature on charge transfer

is shown in Fig. 10a. The higher temperature was expected to

improve the reaction kinetics, reducing charge transfer

impedance and activation overpotential. A more complex rela-

tionship was visible at higher current densities, as shown in

Fig. 10b. There were expected competing impacts of increased

temperature on reaction kinetics and changes in humidica-

tion due to water vapour pressure changes.266 Whereas, the

effect of air stoichiometry was clear at 1.0 A cm−2, decreasing

the stoichiometry from 2.0 to 1.5 results in signicantly higher

mass transport impedance due, and likely caused inhomoge-

neous current density distributions. The effect of air humidi-

cation is shown in Fig. 10c and d. Increased humidication

resulted in a decrease in HFR. This is expected as water is

known to improve conductivity by increasing vehicular proton

transport.92 This improvement is offset by increases in charge

transfer and mass transport impedance, expected to be caused

by increased phosphate anion adsorption and oxygen diffusion

resistance, respectively.266

In summary, EIS is a powerful tool for HT-PEMFC charac-

terisation and modelling. Careful attention must be paid to the

validity of the data, this is also true for LT-PEMFCs. And low-

frequency inductive phenomena in HT-PEMFCs requires more

research to determine the extent to which it affects HT-PEMFCs

and the cause(s).

3.3.1 Distribution of relaxation times (DRT) analysis. DRT

is becoming an increasingly used tool to analyse the EIS

Fig. 9 (a) LT-PEMFC EIS Nyquist plot with inductive loop indicating

high-frequency resistance (HFR), total R, last measured point (LMP),

and DC point locations, reprinted from ref. 269 (open access); (b) HT-

PEMFC EIS measurements showing inductive loop at various cell

voltages before and after 100 h at 0.2 A cm−2, reprinted from ref. 281,

Copyright (2018), with permission from Elsevier.

Fig. 10 HT-PEMFC EIS Nyquist plots of (a) temperature effect at 0.05

A cm−2, (b) temperature and air stoichiometry effects at 1.0 A cm−2, (c)

air relative humidity effect at 0.05 A cm−2 and (d) 1.0 A cm−2. Adapted

from ref. 266 (open access).

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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impedance spectra of PEMFCs. DRT allows for each electro-

chemical process to be resolved by its intrinsic time constant,

with the magnitude of each process assigned as a share of the

total polarisation resistance. The distribution of the magnitude

of each process as a function of frequency can be obtained.265

This gives additional information on the impedance processes

compared to the EIS spectra alone. For discussion on the theory

and application of DRT, the reader is referred to existing liter-

ature.275,279,296,297 A major benet of DRT in the analysis of

impedance spectra is the lack of a priori knowledge required

and can be used for a model-free approach. This also provides

more information about the number of features and approxi-

mate frequencies, allowing the user to construct physically-

based ECMs using DRT analysis.265,275,276 However, assignment

of the features to processes and development of representative

ECMs requires user expertise.

DRT analysis has been used in LT-PEMFCs to investigate

transport properties of a commercial stack,298 commercial stack

fault characterisation,29 analysis and modelling of electrode

properties,276,279,299 and investigation of low frequency inductive

phenomena.285 Fig. 11 shows the DRT plot for a HT-PEMFC,

assignment of peaks, and relation to the individual imped-

ance mechanisms within the EIS spectra. In this case, P1 is

assigned to mass transport, P2 and P3 to the ORR, and P4–7 to

anode-related processes such as charge transfer kinetics of the

HOR.265 In HT-PEMFC studies, DRT has already been applied to

a variety of studies. The effect of operating conditions including

CO concentration in the anode gas steam was investigated

using DRT.300 The results suggested the presence of CO

increases HOR, ORR, and mass transport impedances. The use

of a reference electrode allowed for individual electrode DRT

analysis to be conducted. A DRT peak was reported in the anode

analysis at around 100 Hz when a CO concentration of 5% was

present. This peak was attributed to the inuence of CO

adsorption on charge transfer. The effect of air stoichiometry on

the individual impedance contributions of mass transport,

ORR, and HOR has also been investigated and are shown in

Fig. 12a.267 Increasing the air stoichiometry signicantly

reduced the size and increased the frequency of the peak

associated with mass transport. Although there were dimin-

ishing returns, especially at stoichiometries above 3. A similar,

but less prominent trend was observed in the main peak

attributed to ORR when increasing the stoichiometry. However,

a minor ORR peak and the HOR peak did not show this trend,

and an explanation is not provided for this behaviour. These

results support a similar stoichiometry investigation from

a previous study.265 In the same study, the effect of temperature

was investigated, the DRT plot is shown in Fig. 12b. Higher

temperatures resulted in a minimal decrease in the peak height

associated with mass transport, and a larger decrease in peak

height and shi to higher frequencies for the main ORR peak,

attributable to faster reaction kinetics.267 An increase in time

constants for the minor ORR and HOR/proton transport peaks

are not discussed in the study. The effects of activation proce-

dure have been analysed using DRT.155 The mass transport

impedance was observed to decrease for all the activation

procedures (galvanostatic, temperature cycling, current cycling,

and elevating backpressure). The time constant for ORR was

seen to decrease for all procedures except temperature cycling,

indicating an acceleration in the charge transfer during the

activation process. The effects of catalyst layer morphology,

composition and manufacturing method have also been

investigated using DRT.125,127 The use of a PtCo alloy resulted in

a reduction in mass transport peak area, as well as a shi to

higher frequencies for the ORR peak, indicating faster reaction

kinetics compared to a conventional Pt/C catalyst.127 An Fe–N–C

was also included in the same work, and multiple additional

mass transport impedance processes were indicated in the DRT

analysis that were not present in the other catalyst composi-

tions. This was explained by the Fe–N–C catalyst morphology

exacerbating the issue of poor oxygen accessibility to the cata-

lyst sites. Poor impregnation of H3PO4 into the cathode was also

expected. The impact of CO and other species such as CO2 have

also been studied using DRT.272,301 Generally, the introduction

of CO and other species does not improve performance, but

synergistic effects may occur when species such as H2O, CO2,

and CH3OH are also present. However, improvements appeared

to depend on current density and can be minimal. A potential

new application of DRT for HT-PEMFCs is the investigation of

the inductive phenomena. Typically this behaviour is excluded

in the analysis, with an exception for a LT-PEMFC study.285

The depth of DRT analyses varies between studies, and so too

does the detail provided about data validation and parameter

choice. DRT requires excellent measurement quality due to its

sensitivity, and KK relations should be used to indicate validity.265

Despite the lack of a priori assumptions, DRT is not straightfor-

ward. The DRT quality is sensitive to the number of measure-

ment points in the impedance data.302 The mathematical

calculation of DRT poses challenges, and in order to obtain

Fig. 11 (a) EIS spectra of HT-PEMFC operating at 160 °C at 0.3 A cm−2

with individual impedance contributions, (b) DRT plot showing

deconvolution and assignment of impedance contributions. Reprinted

from ref. 265, Copyright (2017), with permission from Elsevier.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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a stable numerical solution, Tikhonov regularisation is typically

used.302,303 This method requires the selection of a regularisation

parameter, l, which greatly inuences the output DRT.304

Optimal selection of l may be obtained through an iterative

process combined with user experience, the value should then be

applied to all data within that specic dataset.275 The regular-

isation parameter has a smoothing effect which is used to remove

articial, erroneous peaks. It is advised that l should be as small

as possible for good resolvability and as large as needed to

suppress artefacts, and there is no effective “black box” method

to determine this value, i.e., l must be determined by the user

through careful experimentation and analysis.304 It should also be

noted that DRT approaches may extrapolate to frequencies past

those used in obtaining the EIS data, meaning inaccurate

conclusions could be drawn if impedance mechanisms did not

fully evolve within the EIS measurement frequency range.

As DRT analysis uses EIS data, there are no specic consid-

erations for HT-PEMFCs that do not apply to LT-PEMFCs

regarding use of the technique, but knowledge of the differ-

ences between these systems is required for interpretation of

results. And careful attention should be paid to the information

provided on data validity when drawing conclusions.

3.4 Cyclic voltammetry (CV)

Cyclic voltammetry is a widely utilised technique to determine

the ECSA in PEMFCs. The ECSA is calculated by dividing the

charge density related to H adsorption/desorption (or CO

oxidation) obtained in the CV by the product of the charge

required to oxidise/reduce a monolayer of the adsorbed species

and the catalyst loading.305 The conventional in situ method

involves supplying H2 to the electrode of interest and N2 (or

another inert gas) to the other electrode. The rst acts as the

reference and counter electrodes, and the second is the working

electrode. This technique is referred to as the “hydrogen

adsorption/desorption” method, where the hydrogen under-

potential deposition, Hupd, is used for ECSA calculations. The

potential is scanned in forward and reverse directions at a rate

typically in the range of 10–100 mV s−1.146,171,186,306

This technique is frequently used in LT-PEMFC,189,307–310 and

HT-PEMFC ECSA measurements,114,130,147,161,186,311 although it has

been suggested that this method is unreliable for HT-PEMFC

ECSA measurements due to phosphate adsorption suppressing

the Hupd peaks, and high faradaic hydrogen evolution reaction

currents superimposing pseudocapacitive Hupd currents.116,312

The oxidation of a monolayer of CO or “CO stripping” is another

common method for ECSA determination in HT-PEMFCs which

makes use of the affinity of Pt to bind with CO, and is only partly

affected by the problems affecting the Hupd method.306 However,

there are issues with side reactions that inuence the ECSA

determination at higher temperatures, and the CO adsorption

itself is strongly temperature-dependent and a calibration curve

needs to be established to measure ECSA based on oxidation of

a monolayer of CO at the temperatures of interest.116 There are

several CO stripping methods to calculate ECSA. One method is

to use the current of a second potential sweep as a baseline to

determine the CO-related oxidation peak in the rst sweep.

Another method is to use a reference CV where no CO adsorption

occurs, this can then be used to determine the CO-related

oxidation peak when the CO monolayer is present. Both

methods attempt to isolate CO oxidation from other current

sources.306 A third method involves the detection of CO2 in the

working electrode exhaust to infer the oxidation of the adsorbed

CO and thus ECSA.313 One study used these methods to investi-

gate the effect of the partial pressure of water on the ESCA.313 It

was found that an increase in partial pressure of water above 10

kPa resulted in ECSA reduction when measured with both CV

and exhaust CO2 techniques. This was attributed to the uneven

distribution of the PA/water mixture on the catalyst and ooding

of porous electrode structure. ECSA values determined via CO2

detection have been reported to have similar values to CO strip-

ping using a reference CV across a wide temperature range

(40–180 °C).306 Fig. 13 shows the trends in ECSA values as

a function of temperature using the three methods. The method

using the second potential cycle as a baseline was deemed to

overestimate ECSA due to the inability to distinguish between CO

and other oxidation currents.306 The CO2method has been shown

to exhibit slightly lower ECSA values due to the CVmethods being

inuenced by the formation of water and hydroxide species.313

The CO2 method requires a second cycle to be subtracted from

the rst to eliminate CO2 that is not produced by CO monolayer

oxidation but instead by oxidation of carbonaceous species

within the cell.306

3.5 Linear sweep voltammetry (LSV)

Linear sweep voltammetry is a common technique for detecting

electrical shorting and fuel crossover in PEMFCs.314 The

Fig. 12 DRT plots of (a) effect of air stoichiometry and (b) operating

temperature on a 45 cm2 HT-PEMFC at 0.2 A cm−2. Adapted from ref.

267, Copyright (2022), with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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technique involves the same gas supply and electrode desig-

nation as CVmentioned previously. Hydrogen that crosses from

the anode to cathode should be fully oxidised and an instan-

taneous hydrogen oxidation current density is generated which

allows for the estimation of hydrogen crossover rate.315 The

potential is typically scanned from approximately 0 V to around

0.5 V with slow scan rates, e.g., 1–5 mV s−1.

The measurement method is the same for LT-PEMFCs and

HT-PEMFCs and has been used to determine the hydrogen

crossover rate for both technologies, and is particularly useful in

determining membrane degradation.194,219,274,309,316 The hydrogen

crossover was monitored over a 6000 h HT-PEMFC durability

test. The crossover current density increased from around 0.5mA

cm−2 at the beginning of test to 13.9 mA cm−2 aer 5705 h of

operation. This was attributed to membrane thinning and the

formation of pinholes and microcracks.187 The impact of single-

layer graphene (SLG) on hydrogen crossover has also been

investigated for ultrathin (7.7 mm) PBI membranes.274 The addi-

tion of SLG was reported to signicantly reduce hydrogen

crossover, resulting in higher OCV. Aer 100 h at constant

current, the hydrogen crossover current density of ultrathin PBI

MEA without SLG increased from 21 to 70 mA cm−2, whereas the

use of SLG resulted in a minor increase from 14 to 15 mA cm−2.

3.6 Current distribution mapping

Local variations in the electrochemistry, activity, temperature,

and humidity all produce current density inhomogeneities.317

These inhomogeneities affect fuel cell performance and degra-

dation, potentially causing damage to the membrane and

catalyst layers.318,319 There are various methods to measure the

current distribution within the cell. The measurements are

typically obtained by introducing a segmented electronically

conductive component. This can be in the form of segmented

electrodes, ow elds, or current collectors.318,320 Printed circuit

boards (PCBs) are oen used to create segmented current

collectors.317,321,322 These methods involve physically altering the

fuel cell which can affect operation and performance. A non-

invasive method that has been used involves the calculation

of current density from the magnetic eld surrounding the fuel

cell.323,324

The current distribution mapping technique for HT-PEMFCs

follows the same principles as for LT-PEMFCs. The materials

used in the devices may differ due to the different operational

environments. Components in HT-PEMFCs must be able to

withstand the higher temperatures and presence of PA.

Current distribution mapping in LT-PEMFCs has been used

to investigate reactant starvation,318,320 start-up/shut-

down,250,317,325 effects of operating conditions on single

cells,319,321,326–328 effects of operating conditions on a stack,329

and localised EIS.327 One application of current distribution

mapping used in HT-PEMFC research is the investigation of

ow eld geometry effects.154,330 Fig. 14 and 15 show how this

mapping technique has been used to investigate the impact on

current density distribution of four different ow eld patterns.

This is important as current density distribution homogeneity

is important to reduce hotspots. The serpentine and pin-type

ow elds resulted in lower variation and more even distribu-

tion of current density compared to the parallel and interdigi-

tated ow elds. Although, performance when using

interdigitated ow channels was comparable to serpentine

when using air at high ow rates. Interdigitated geometries

have also been reported to achieve higher current and power

densities than other geometries.331,332 Recent work suggested

the improvement when using interdigitated geometries is likely

due to the enhanced convective mass transport in the GDL,

rather than from the pressure and subsequent oxygen concen-

tration increase resulting from the dead-end geometry.332 The

benet of this is the reduced requirement of pressure drop

compared to conventional designs such as serpentine, thus

reducing parasitic power losses from the compressor.

The inuence of CO concentration in the anode fuel supply

from 0% to 3% has also been investigated using current density

distribution mapping.30 The results showed inhomogeneities in

current distribution increased with increasing CO content, and

this effect was worse at higher current densities. Current values

were typically lower at the inlet and highest at the outlet, as

increased poisoning effect was suspected at the inlet. Increasing

the temperature from 160 °C to 180 °C reduced the relative

difference between inlet and outlet current densities. It was also

noted that load operation in potentiostatic mode resulted in

more even current distribution than galvanostatic mode.

Although the explanation for this is unclear.203 In another study,

the current density distribution within a HT-PEMFC stack

operating under both hydrogen and reformate conditions was

investigated.51 Under hydrogen/air conditions with co-ow, the

local current density was highest at the air inlet and lowest at

the air outlet, which was explained by reactant consumption

along the ow path. Under reformate/air co-ow conditions

with an anode stoichiometry of 2, the depletion of both oxygen

and hydrogen along their respective ow paths results in

a greater degree of homogeneity. Although current is still higher

closer to the anode and cathode inlets compared to outlets.

Reducing the anode stoichiometry to 1.2 led to a signicant

increase in inhomogeneity which was attributed to CO
Fig. 13 Apparent ECSA trend as a function of temperature using three

methods. Reprinted from ref. 306 (open access).

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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poisoning. However, in this case local current density was

highest at the inlet and lowest at the outlet. Operating in

counter-ow mode was found to reduce the current density

inhomogeneity compared to co-owmode. Studies of the effects

of reformate on LT-PEMFC current density distribution have

also been conducted, but these use CO concentrations 3 orders

of magnitude lower than HT-PEMFC. Once again, highlighting

the signicant improvement in CO tolerance of HT-PEMFCs.

Fig. 15 Current distributionmaps at an average current density of 0.38 A cm−2 (H2/O2 228/76mlmin−1). Flow geometries correspondwith those

in Fig. 11. Reprinted from ref. 154, Copyright (2011), with permission from Elsevier.

Fig. 14 Flow channel pattern overlayed onto current distribution map with oxygen inlet and outlet indicated. (a) Serpentine, (b) pin-type, (c)

parallel, and (d) interdigitated. Reprinted from ref. 154, Copyright (2011), with permission from Elsevier.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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Other applications of this technique include durability

testing,151,153 effect of catalyst layer deposition,333 effects of

reactant stoichiometry using local EIS,334 and fuel

starvation,190,335

Potential future opportunities for this technique to be used

in HT-PEMFC include the effects of start-up and shutdown

processes, particularly under sub-zero conditions. As

mentioned in Section 2.2.4 there are several start-up strategies

that are typically analysed regarding time taken to heat up

rather than impact on cell performance, and using current

distribution mapping to assess these different methods may

provide useful insight. As noted previously, sub-zero operation

of HT-PEMFCs is likely to be easier than LT-PEMFCs due to the

reduced sensitivity to liquid water.115,185 Greater understanding

of degradation and inhomogeneities at these conditions could

be provided by current distribution mapping, as long as the

device is capable of operation under these conditions.

4. X-ray techniques

Techniques such as those using X-rays and neutrons provide

detailed material information that is not accessible using elec-

trochemical techniques. These techniques provide useful

information about the internal structure and processes occur-

ring within the MEA spanning nm to mm length scales, which

can be used in conjunction with electrochemical character-

isation to progress development of fuel cell technology.

4.1 X-ray radiography and CT

X-ray computed tomography (X-ray CT) is now a widely used

technique for analysing the morphology of PEMFCs across

multiple length- and time-scales. The technique works by

passing a beam of X-rays through a sample, with the X-rays that

pass through the sample being collected by a detector. The

attenuation of X-rays is proportional to the atomic number, as

well as the density of the material. Radiographs are collected at

angles through 360°, termed “projections”, and these projec-

tions are then reconstructed using a computer algorithm to

create a 3D dataset comprising of voxels (volume pixels).

X-ray CT is a particularly adaptable technique, owing to the

fact that multiple lenses and optics can be added to the detector

to match the spatial resolution to the feature of interest,

allowing for features from catalyst layer pores to ow elds to be

resolved.336,337 Furthermore, as well as ex situ studies of PEMFC

morphology, in situ/operando studies are now becoming more

common for time-resolved studies of PEMFCs.

4.1.1 Ex situ studies. Owing to the simple nature of ex situ

studies, they are commonly used for analysing component

morphology. Ex situ studies of LT-PEMFCs have been applied to

studying the morphology of different features across multiple

length scales.338 Comparative studies have investigated the

wettability and water breakthrough in fresh and degraded

GDLs,339 and comparison of catalyst layer morphology pre- and

post-AST.340 However, since direct comparison of samples at the

beginning and end of life is not possible, the results of such

studies are mainly qualitative. A more detailed discussion of ex

situ X-ray CT for LT-PEMFCs can be found in the review by Tan

et al.341

Since HT-PEMFC research is not as mature as for LT-

PEMFCs, most of the studies carried out using X-ray CT have

been ex situ, and the majority have focussed on the GDE. Die-

drichs et al.271 and later Hoppe et al.342 used in situ compression

rigs to correlate morphology changes in the GDL to fuel cell

performance, arising from different compression levels and

different ow-eld misalignments, respectively. Start-stop

conditions have also been investigated in HT-PEMFCs using

X-ray CT, including studies into the idling temperature,

showing that degradation leads to catalyst deactivation and

pore collapse in the GDE,343 as well as a decrease in tortuosity of

the GDL.219

As well as understanding the relationship between

morphology and performance, ex situ X-ray CT has been used to

investigate PA behaviour across the MEA. These have included

visualisation of PA migration away from the membrane into the

GDL bres as a result of operation,69,344 and demonstration that

the presence of an MPL can enhance PA redistribution in the

catalyst layer, but prevent PA leaching into the ow channel,

a common challenge for HT-PEMFC operation.68 PA has also

been injected into different GDL materials and the 3D invasion

pathways were investigated, as well as the effect of intrusion

through an MPL (Fig. 16).69 Because of the poor contrast

between PA, membrane, MPL and GDL, synchrotron X-ray

sources have been widely used in these studies because of the

higher ux and enhanced contrast that can be achieved.68,69

However, recent work by Bailey et al. has proven that lab-based

X-ray CT can be used for imaging the PA distribution, when

combined with a machine learning (ML) approach to segmen-

tation.344 This work was extended to show that the addition of

SLG can somewhat block the release of PA into the GDL/MPL.274

However, this work still relies on the method of subtracting

a “dry” scan containing no PA from a “wet” scan where PA has

been introduced to the same component e.g., GDL (Fig. 16). This

is not ideal as it increases imaging and analysis complexity and

limits in situ and operando studies where morphology may

change. Future work should continue to nd methods for

improving contrast/segmentation of phases in HT-PEMFCs; for

example, by applying deep-learning algorithms for

segmentation.345

As well as microscale studies of MEA morphology, X-ray

nano-CT has been used to study the pore-structure of LT-

PEMFC catalyst layers.338,346,347 Whilst unable to resolve indi-

vidual particles of the catalyst layer or MPL, X-ray nano-CT can

be used to investigate the morphology of these layers,348 as well

as the pore size distribution, with the comparison of results to

mercury intrusion porosimetry (MIP) showing that nano-CT can

capture information about pores greater than 50 nm in diam-

eter.347 X-ray nano-CT has also been used to study changes in the

nano-scale morphology of the catalyst layers before and aer

AST,349 with results showing an increase in the average pore size

from the beginning to end-of-life (EOL) sample with a decrease

in the porosity. There is some opportunity for X-ray nano-CT of

HT-PEMFC catalyst layers, although since the properties of low-
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and high-temperature catalyst layers tend to be similar, the

scope for novel nanoscale investigations is potentially limited.

4.1.2 In situ/operando studies. For LT-PEMFCs, in situ/

operando X-ray CT has been most commonly used for two types

of study: observing water formation/migration in the GDL, and

degradation of the MEA components. Studies have been used to

observe water dynamics in the GDL,350–353 as well as studying the

preferential water formation under the land regions over the

channel regions both in the GDL and MPL.354,355 Furthermore,

cell temperature and relative humidity have been shown to

affect water transport properties,356 with operando X-ray radi-

ography highlighting that different amounts of liquid and

vapour water are present with varying operating conditions. The

design of different fuel cell xtures for multi-length scale

imaging of water in LT-PEMFCs has been described by Kulkarni

et al.357 Degradation studies have focussed on the use of ASTs to

target specic degradation modes inside the MEA on a time-

scale more reasonable for in situ/operando studies. The rst

studies carried out by White et al. observed degradation in the

catalyst layer using an AST designed by the researchers.358 Later

work by the group extended the investigation to include the

joint-visualisation of water formation in the GDL as well as

degradation of the catalyst layer.359 Since it is widely accepted

that the current, temperature and humidity across PEMFCs is

non-uniform, other work using in situ cells highlighted the

variation in degradation levels across the cathode catalyst layer

from inlet to outlet.360 Other degradation modes that have been

probed using X-ray CT are related to membrane degradation,

where cracks formed in the membrane during cycling have been

observed.361,362

In situ/operando X-ray CT studies of HT-PEMFCs are

emerging, with a focus primarily on PA distribution in the MEA.

Halter et al. used operando X-ray CT to study the effect of current

on the re-distribution of PA in the MEA of a HT-PEMFC. Results

showed that PA breakthrough from the membrane to the cata-

lyst layer happened only in the anode, and only in regions where

the catalyst layer and MPL cracks overlapped.157 This highlights

the presence of a potential degradation mechanism for HT-

PEMFCs that could be studied in more detail over a longer

period of time in future studies. Further work by the group also

highlighted that by designing catalyst layers with controlled

crack widths, connectivity and accessibility, PA migration from

the catalyst layer can be mitigated.126

Remaining challenges for in situ/operando studies of HT-

PEMFCs is the development of cells suitable for imaging that

can also achieve elevated temperatures of 160 °C. Whilst this is

more feasible for beamline-based experiments, owing to the

larger spaces and cell sizes that can be used because of the

higher beam ux, achieving this in the small cavity of a lab-

based system is a challenge. Difficulties remain when sepa-

rating the PA from other components of the fuel cell during the

segmentation as part of the analysis, this is typically overcome

using a subtraction method whereby the GDL is rst imaged

without PA and this dataset is subtracted from the main dataset

of interest;69,157,344,363 however, this is time-consuming and limits

in situ/operando studies. The authors recently reported the use

of a contrast enhancement agent to overcome this issue in HT-

PEMFC X-ray imaging.165 The agent used was a Cs compound

which acted as a phosphoric acid tracer. The higher atomic

number of Cs signicantly improved the contrast between the

PA and surrounding materials. This technique was demon-

strated using an in situ study of the hot-press process. Radio-

graphs before and aer hot-pressing, with and without the

tracer, are shown in Fig. 17a–d. The tracer allowed visualisation

of the PA in the electrode (appearing dark due to X-ray attenu-

ation), which was imaged in real-time (videos available in the

supplementary data of the source publication).165 Orthoslices

from the reconstructed X-ray CT data are shown in Fig. 17e–h.

The PA appears bright with high contrast, making it easily

distinguishable from the other materials, allowing for simpler

image analysis without the need for the subtraction of a refer-

ence dataset. Nonetheless, innovations in xture design, cell

operating environments, and post-scan analysis techniques will

bring about signicant advancements for studying PA

dynamics, as well as HT-PEMFC MEA degradation.

4.2 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a technique that can be

used to study the local environment of PEMFC catalysts, which

includes information about the electronic structure and redox

state, as well as the coordination environment and bond

lengths around atoms. XAS works by delivering X-rays to

a sample, upon which they are absorbed, resulting in the release

of a photoelectron of a specied energy, and a corresponding

Fig. 16 PA breakthrough in various GDLs, with and without an MPL

(top), reprinted from ref. 69, Copyright (2017), with permission from

Elsevier; lab-based X-ray CT of dry and wet GDEs, with the differences

between dry and wet GDL samples, (a), highlighted by the histogram,

(b), (bottom), reprinted from ref. 344, Copyright (2021), with permis-

sion from Elsevier.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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sharp increase in the absorption intensity, or ‘edge’, in the XAS

spectrum. There are two main components of XAS spectra that

can be investigated: extended X-ray absorption ne structure

(EXAFS) and X-ray absorption near-edge spectroscopy (XANES).

The differences are the energy at which the features occur. In

EXAFS, higher energies are probed, where absorptions give

information about inter-atomic lengths and coordination

numbers of atoms. XANES probes the absorption edge of an

element, which allows the oxidation state and symmetry of

elements in the sample to be understood.

Fig. 17 A comparison of the effect of using a contrast enhancement tracer on PA visualisation during HT-PEMFC hot-pressing. Radiographs: (a)

hot-press start – no tracer (b) hot-press start – with tracer, (c) hot-press end – no tracer, and (d) hot-press end – with tracer. Orthoslices of 3D

reconstructed datasets: (e) no tracer and (f) with tracer. Cathode cracks and PA visualisation: (g) before hot-press and (h) after hot-press. All scale

bars are 500 mm. Reprinted from ref. 165 (open access).

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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Whilst XAS has been widely used for ex situ characterisation

of novel PEMFC catalysts for both LT-PEMFCs and HT-

PEMFCs.364–367 In situ and operando studies are the ideal use of

XAS, and are thought to be powerful tools for developing new

catalysts with higher activity and stability.368 The ability to study

and identify changes occurring within the catalysts during

operation will ultimately inform the development of novel,

durable catalysts. This is especially important when considering

the need to reduce the amount of Pt in the catalyst layer, or

removal altogether. In situ/operando XAS studies have been

carried out on both three-electrode and two-electrode cells.369

The difference between these is that three-electrode cells oper-

ate in an aqueous environment, which do not fully represent the

operating conditions of PEMFCs; studies are typically done at

room temperature, with no gas ow to/from the electrodes. In

contrast, two-electrode cells operate under standard fuel cell

conditions, with elevated operating temperatures, gas ow on

the anode and cathode and water formation/removal through

the ow channels. Thus, with the change from three- to two-

electrode cells, the behaviour of electrocatalysts under oper-

ando conditions can be observed.369

For HT-PEMFCs, XAS has been used in a number of studies

for investigating catalyst poisoning.152,214,370,371 Operando XAS

has been used to track the changing adsorption of species, from

H, to PO4 to O, with increasing voltage, and PO4 coverage at

different temperatures (Fig. 18).152,372 In situ half-cells, with and

without electrolyte ow under ambient conditions, have also

been used to study these adsorbed intermediate species inmore

detail.371 While these studies shed light on the catalyst

poisoning mechanisms in HT-PEMFCs, there is clear opportu-

nity to extend such studies to operando systems operating at

standard and elevated temperatures, to further elucidate the

poisoning mechanism and allow for improved catalyst layer

design. Given that HT-PEMFCs are tolerant to less pure

hydrogen, adsorbates on the anode were studied using in situ

XAS, using an anode gas feed containing CO and water to

represent reformate hydrogen.214 Results showed that CO

concentrations above 2% signicantly decreased the HOR

activity on the anode.

Recent work has shown it is possible to spatially resolve the

XAS spectra across a catalyst layer using XAS-CT, which collects

XAS information at each projection during a CT scan.373 This

has allowed for a range of studies of catalysts, including

observation of heterogeneous degradation and ceria-migration

occurring in LT-PEMFC MEAs during stress-testing.374,375

Applying similar methods to HT-PEMFCs represents a new

opportunity for XAS-CT. Furthermore, the emergence of dedi-

cated beamlines for in situ/operando XAS combined with a range

of other X-ray techniques (XRD, X-ray CT, X-ray emission spec-

troscopy (XES)), such as the BL36XU beamline at Spring-8, will

allow the realisation of such advanced experiments in the

coming years.376

4.3 X-ray diffraction and XRD-CT

X-ray diffraction (XRD) is used to study the crystalline structure

of samples. Incident X-rays focussed on the sample are

scattered by the atomic planes in the sample and if they are

coherent, the diffracted X-rays are collected at the detector.

Information about the crystal lattice can be obtained, as well as

changes to the lattice parameters if carrying out in situ/operando

studies. Information about phase changes can also be obtained

since different compounds will have different crystal structures.

XRD has been widely used for PEMFCs, especially for ana-

lysing new materials. Since each phase has a unique set of

diffraction lines and intensities, various features of novel HT-

PEMFC components have been characterised. This includes

the study of novel catalysts, like PtNiCu,377 conrming the

successful distribution of GO in PBI/GO membranes,378 or

analysing the coating of Ni onto electrospun bres for novel

GDEs.379 XRD has also been used for studying degradation in

HT-PEMFCs. Batet et al. conducted XRD over the course of

a durability study of a HT-PEMFC stack, by extracting one MEA

from the stack at each interval. XRD was then done on the

anode and cathode catalyst layers, with results showing an

increase in average crystallite size over the durability test.380

XRD was also used to conrm the successful impregnation of

silica nanoparticles into the PBI membrane, with results

showing that an intermediate silica content leads to improve-

ment in performance and a lower degradation rate.381

Regarding in situ/operando studies, a few studies have been

conducted on LT-PEMFCs to monitor the evolution of Pt surface

oxides in an operating fuel cell,382 as well as in combination with

small angle scattering (SAXS) to measure crystallite size and

decouple different Pt degradation modes (like aggregation,

Fig. 18 (a) Coverage of different adsorbates at across cell potential

range, dashed line indicates expected PO4 coverage according to He

et al.,372 (b) diagram illustrating adsorbate condition at different cell

potentials. Figures reprinted with permission from ref. 152, Copyright

(2013) American Chemical Society.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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coalescence, Ostwald ripening).383 The combination of XRD

with spatially resolved CT (XRD-CT) has further advanced the

ability to study fuel cell catalysts in ve dimensions, i.e., three

spatial dimensions plus time and spatially-resolved diffraction

data. XRD-CT involves the collection of XRD spectra for each

voxel in a sample across a slice in a tomogram. Thus, as well as

3D information about the evolution of catalyst layer

morphology that can be gathered from CT, the chemical

composition of a phase can be spatially resolved, as shown by

Martens et al.384 In the same study, the group combined XRD-CT

with SAXS-CT, to simultaneously resolve the local nanostructure

of the PEMFC components. Whilst such studies hold signicant

potential for elucidating information about PEMFCs across

length-scales, they are practically very challenging to carry out,

which may limit their use in practice. Nonetheless, there is

signicant scope for application to HT-PEMFCs, for example, to

study phenomena such as the phase change of PA during

heating, and degradation of the various MEA components

during ASTs.

5. Neutron techniques

The neutron interaction with matter occurs at the atomic

nucleus, where incoming neutrons interact with the nucleus,

resulting in both absorption and scattering. Unlike X-rays,

where the strength of the interaction scales with the

elemental number, Z, the neutron interaction is not related to

the atomic number. Thus, elements across the periodic table

have characteristic cross-sections, with the added advantage

that some isotopes can be distinguished using neutrons. The

advantage of this for PEMFCs is that common materials found

inside fuel cells have widely different cross-sections, where the

neutron cross-section is a measure of the interaction between

the neutron and the sample, measured in barn (10−28 m2). For

example, hydrogen has a large cross-section, so appears bright

in a neutron image, whereas carbon has a small cross-section

and is less visible in neutron images. Thus, the visualisation

of water is particularly possible, which cannot be as easily

achieved using X-rays, given the low atomic number of

hydrogen. Furthermore, given the isotope effect, deuterium

(i.e., hydrogen with a proton and a neutron) has a very low

neutron cross-section and is hardly visible in neutron images,

meaning that deuterated water can be used for humidication

to further differentiate between water formed from the elec-

trochemical reaction and water from humidication.

5.1 Neutron imaging

The use of neutrons for imaging is one of the most widely used

applications of neutrons for PEMFCs. Because of the relatively

low ux of neutron sources, the trade-off is that spatial resolu-

tions (i.e., the size of the smallest resolvable features) are typi-

cally on the order of 10–100 mm.385,386 Furthermore, exposure

times for each radiograph are on the order of milliseconds (for

high-speed imaging) to minutes (for high-resolution

imaging),387 with longer exposure times reducing the signal-to-

noise ratio (with a resulting loss of temporal resolution). The

result of these two conditions is that the feature of interest,

especially for operando studies, tends to be water formation in

the ow channels. Most studies have been radiography studies,

where a 2D radiograph, which is an averaged image through the

through- or in-plane direction, is collected. These studies are

normally time-resolved, meaning that images are gathered

continuously throughout an experiment. Through-plane

measurements are performed to understand the distribution

of water along the length of the ow channel, with many studies

on LT-PEMFCs observing the tendency for water to pool at the

bends of serpentine ow channels,388 or studying the effect of

introducing multiple serpentine channels into the design.389 In-

plane measurements are done with the cell in line with the

beam direction and can be used to observe the back-diffusion of

water into the anode ow channels,390,391 as well as studying the

preferential formation of water under “land” regions (rather

than under channel regions) during operation.392 Advances in

beamline technologies mean that the spatial resolution

achievable using neutron sources continues to improve. Pixel

sizes as low as 2.5 mm have been reported,393 which is a partic-

ular advantage for in-plane studies, since it allows for water in

each layer of the MEA to be resolved. Finally, LT-PEMFC start-up

has been investigated using neutron radiography to observe the

formation of ice during cold-start,394 the phase transition

between ice and liquid water,395 and the effect of residual water

in the ow channels on the start-up prole of LT-PEMFCs.396

Such start-up behaviour is also of interest for HT-PEMFCs, as

will be discussed later in the section.

As well as using in- or through-plane imaging, isotope

exchange has been applied in neutron studies of LT-PEMFCs.

Since the cross section of deuterium is much smaller than

that of hydrogen, switching the inlet anode gas between H2 and

D2 has allowed for distinction of the ion exchange in the

membrane,397 as well as water exchange between the GDL and

the ow channels.398

For HT-PEMFCs, the effect of water on fuel cell performance

is less of a concern during operation, since operating temper-

atures are above 100 °C.22,47 This means that liquid water is less

likely to exist in a transient form in the GDL or ow channels

during normal operation. Thus, the majority of studies using

neutrons carried out on HT-PEMFCs have taken advantage of H/

D isotope contrast to monitor acid distribution and exchange of

protons/deuterons through the membrane during operation.

Work by Arlt et al. used H/D contrast to monitor the distribution

of hydrogen in a PBI membrane.399 By switching the anode feed

gas between hydrogen and deuterium, the exchange between

protons and deuterons could be observed. It was found that

exchange occurred rst at the gas inlet, with exchange at the gas

outlet occurring later (Fig. 19a). Later work by Lin et al. built on

this to monitor the rate of exchange at different current densi-

ties, with increasing current density resulting in a faster

exchange through the anode ow channels (Fig. 19b).400 The

movement of PA through the cell has also been studied, with the

amount of PA measured from radiographs being in reasonable

agreement with the expected amount of acid inside the cell.401

Deuteration was also used in this study to observe isotope

exchange at different dewpoints of 30 and 70 °C.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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A handful of neutron tomography studies have been carried

out so far on LT-PEMFCs. Because the ux of neutron sources

are relatively low, exposure times for imaging have typically

been on the order of multiple seconds. Thus, early studies

carried out a single tomography on the order of hours.402,403

High-resolution neutron tomography has been used in recent

years for observing ne structure, such as work by Manzi-

Orezzoli et al. to study coating on GDLs, combined with X-ray

CT, with spatial resolution down to 10 mm.404 Alrwashdeh

et al. reported a voxel size of 6.5 mm for the study of water

distribution in different GDL materials, although the exposure

time for a single radiograph, in this case, was still 15 s.405 Most

recently, work by Ziesche et al. showed that it was possible to

collect a single tomogram in 40 s, which allowed for operando

monitoring of water distribution in the ow channels.406 Owing

to the third spatial dimension, the volume of water was quan-

tied, allowing for comparison of the actual volume of water

residing in the ow channels to the theoretical volume calcu-

lated according to Faraday's law.

With these recent advancements in 3- and 4D neutron

imaging, there is clear scope for similar studies to be conducted

on HT-PEMFCs. Furthermore, whilst the radiography studies of

HT-PEMFCs described here show some initial understanding of

ion-exchange and PA migration, there is considerable oppor-

tunity for studying the role of water during start-up and shut-

down of HT-PEMFCs in four dimensions, as well as

investigating freeze–thaw dynamics.

5.2 Neutron scattering

During neutron scattering, neutrons scattered by the sample are

collected and analysed and neutrons transmitted through the

sample in the plane of the incident beam are ignored. In

comparison to neutron imaging, which has a relatively low

spatial resolution (on the order of microns), neutron scattering

experiments can resolve changes at the angstrom level,407

meaning it is a powerful technique for probing properties of

electrocatalysts, catalyst layers, and diffusion in PEMFCs.

Fig. 19 (a) Neutron radiographs showing the H-to-D and D-to-H exchange in a HT-PEMFC operating at 160 °C, reprinted from ref. 399,

Copyright (2015), with permission from Elsevier; and (b) the effect of current density (200, 400 and 600 mA cm−2) on the speed of H-to-D

exchange, with faster exchange at higher current density, reprinted from ref. 400 (open access).

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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Furthermore, as with imaging, H/D isotope distinction is used

during scattering experiments to allow for distinction between

the “mobile” protons contributing to structural diffusion and

those which are bound to the polymer chain.408 As with imaging,

neutron scattering experiments must be done at national facili-

ties, since neutron sources are not available in the lab. There are

different types of neutron scattering experiments, with two of the

most common being quasi-elastic neutron scattering (QENS)

and small-angle neutron scattering (SANS). They are distinct in

that QENS experiments are spectroscopic and are used to study

dynamics by measuring changes in neutron velocity. In contrast,

SANS uses diffraction to study the structure of samples by

measuring the change in neutron direction.409,410

In situ SANS has been used to study water dynamics in the

catalyst layer of LT-PEMFCs, in combination with neutron

radiography (NR) for capturing macroscale information about

water distribution.411 Furthermore, information about local

hydration, as well as catalyst layer microstructure, was eluci-

dated using the technique, including the use of H2O/D2O.
412

Contrast variation (CV)-SANS allows for the investigation of

partial scattering functions, i.e. the scattering function of each

component in a sample, such as the constituent materials of

a catalyst layer ink.413 Thus, the local structure of the catalyst

layer components, Pt, carbon and ionomer, can be deconvo-

luted. For LT-PEMFCs, CV-SANS studies have included investi-

gations into the effect of Pt-loading on ionomer adsorption,

where the ionomer layer decreased as Pt-loading increased.414

Further work by Harada et al. used CV-SANS to distinguish

between adsorbed ionomer (forming a thin lm on the Pt-

surface) and deposited ionomer (found at throats in aggre-

gated carbon particles).415Given the importance of electrolyte/Pt

interfaces in HT-PEMFCs, CV-SANS is also expected to be

a useful technique for studying novel catalyst layer designs or

compositions with optimised performance as research into HT-

PEMFC catalyst layers continues to increase.

For HT-PEMFCs, SANS has been applied to the study of

catalyst layers, where the structure of a range of catalyst layers

was studied across a range of length scales, by including wider

angles.416 SANS was also combined with SAXS to highlight the

structure of different components in HT-PEMFC electrodes,

using H3PO4/D3PO4 contrast.
417

QENS studies have been used to probe water dynamics in LT-

PEMFCs, including investigations into water distribution in the

catalyst layers.418QENS data allowed for the quantication of water

molecules per sulphonic acid group of different types (immobile,

slow and fast), as well as identifying the effect of temperature on

the type of water molecules observed. Although there is minimal

liquid water in operating HT-PEMFCs, QENS could still be a useful

technique for understanding water dynamics, particularly during

start-up/shutdown. Furthermore, QENS has been applied to the

study of PA at different Pt-loadings of the catalyst layer of HT-

PEMFCs, with results suggesting stronger trapping of PA at

higher Pt-loadings.419 QENS has also been applied to the study of

proton motion in the membrane. Early QENS application to HT-

PEMFC membranes compared the proton dynamics measured

with QENS to conductivity studies, which showed diffusion

processes occurring at a rate between PA doped in a PBI

membrane and pure PA.420 QENS has also been used to study

proton diffusion in the membrane, with the extraction of fractal

diffusion dimensions allowing for study and verication of diffu-

sion processes across a broad range, from ps to ns.408 The proton

dynamics of PA from the solid to the molten state has been

studied using QENS.421 This application may be useful in studying

the performance of HT-PEMFCs at sub-zero conditions during

cold start-ups – an area which has received little attention to date.

6. Raman and infrared spectroscopy
6.1 Raman spectroscopy

Raman spectroscopy uses the inelastic scattering of light at

a given wavelength to differentiate between chemical structures

in samples. The peaks in the spectra are used to identify specic

local bonding arrangements, allowing for detailed structure

determination. Raman spectroscopy is a exible, non-invasive

analytical technique with micron spatial resolutions.422 Raman

spectroscopy in LT-PEMFC research has been used to investi-

gate the chemical structure of catalyst and support

materials,423–425 analyse membrane degradation,426 including

the distinction between loss of sulphonic end groups and

uorinated backbone,427 and determine membrane water

content.428 One benet of Raman over infrared spectroscopy is

that the spectra are not overwhelmed by the presence of liquid

water. This has allowed for in situ studies of water transport in

LT-PEMFCs.429 A particular type of Raman spectroscopy,

coherent anti-Stokes Raman scattering (CARS), can be used to

investigate dynamic studies of water transport due to the higher

intensity signal and faster time resolution.430 One study used

CARS spectroscopy and a bespoke cell design with a quartz

window to investigate the hydration states of the membrane as

a function of relative humidity and current density.430

Research in HT-PEMFCs share similarities due to similar

components in the catalyst layer; for example, the technique has

been used to investigate the structure of catalyst and carbon

supports.379,431,432 The structure of composite membranes has

also been analysed in HT-PEMFC research.274,433 Raman spec-

troscopy was used to study the effects of acid doping on PBI

membranes as it is highly sensitive to the structural changes

that occur during the acid–base proton exchange.38 Also, Raman

mapping has been used to determine the acid distribution as

a function of the doping method.434 In situ/operando studies

using operating cells are not reported in the current literature,

and there are only a small number of these studies for LT-

PEMFCs. Studying the chemical structure in the membrane

during operation at HT-PEMFCs conditions is a potentially

useful yet challenging application of Raman spectroscopy that

is yet to be demonstrated.

6.2 Infrared spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy uses the

absorption and transmission of incident IR light to obtain

information about the sample. The frequencies of light absor-

bed are related to the physical characteristics of the material. IR

spectra can be obtained using a monochromatic beam which

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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changes in wavelength over time, or now more commonly, by

using a Fourier transform instrument to measure a wide range

of wavelengths at the same time. Soware combined with the

FTIR spectroscopy method can search through a large number

of reference spectra to determine the identity of the substance

under measurement.435 FTIR spectroscopy has been used to

investigate the acid-doping process similar to Raman spec-

troscopy.436 The FTIR spectra showed evidence of an acid–base

proton exchange reaction resulting in the formation of H2PO4
−

and protonated imidazolium cations. Fig. 20 shows the pres-

ence of H2PO4
− (942 cm−1) was clear at lower doping levels but

became partially masked by the large amount of free H3PO4

(998 cm−1) at high acid concentrations.436 Other applications of

FTIR spectroscopy in HT-PEMFC research include character-

isation of acid groups in membranes,99,437,438 characterisation of

electrocatalysts,438 and investigation of adsorption of PA onto

Pt.439 A cell design allowing for in situ FTIR measurements of an

operating HT-PEMFC was used to measure the spectroscopic

signature of adsorbed CO on the Pt surface as a function of

temperature.440 An FTIR gas spectrometer has been used to

measure the CO2 content in the cathode exhaust caused by

carbon corrosion induced by simulated start-up/shutdown in

a LT-PEMFC.441 A similar study was conducted for an HT-

PEMFC whereby the cell was subjected to 30 minutes at

potentials of 0.9, 1.0, 1.1 and 1.2 V, and the CO2 in the cathode

exhaust gas was measured using an IR spectrometer.442 The

higher the potential, the greater the carbon corrosion and the

more CO2 was emitted. Operating at 160 °C and 1.2 V resulted in

a peak CO2 content of approximately 1600 ppm for a 100 cm−2

cell. The measurement of CO2 in the exhaust using IR spec-

troscopy has also been utilised in determining the ECSA of an

HT-PEMFC electrode and is deemed to be a reliable method.306

Fig. 21 shows the IR spectra of PA–water mixtures. The broad

intense absorption above 3000 cm−1 corresponds to the

stretching vibration of OH involved in a hydrogen bond with the

oxygen of another water molecule. This feature decreases with

increasing PA content and disappears at a PA–water ratio of 1 : 1

(l = 5). This was explained by water molecules being separated

and only able to form hydrogen bonds with phosphate species.92

7. Optical and infrared imaging
7.1 Optical imaging

Transparent cells have been designed to investigate water

ooding in LT-PEMFCs through direct visualisation of the water

behaviour using charge-coupled device (CCD) digital

cameras.443–448 The transparent cells are comprised of the same

components as a conventional PEMFC except that a window

made from materials such as polycarbonate, acrylic, or plex-

iglass allows for optical observation inside the cell.448 Careful

consideration and design are required to minimise the differ-

ence in the performance of a typical PEMFC and a transparent

PEMFC, important aspects include size and shape of the active

area, uniform heating, and validation against typical PEMFC.448

The technique is also limited due to the difficultly in quanti-

fying water transport inside the cell which is not visible to the

camera. This is where X-ray and neutron techniques provide

advantages with greater penetration into the sample and visu-

alisation of the cell interior. However, the advantages of trans-

parent cells and optical imaging are that they provide high

temporal and spatial resolutions, allow for operando experi-

ments whilst being lower cost and are simpler and less

hazardous.447,449 Due to the high operating temperatures, visu-

alisation of liquid water for HT-PEMFCs in this way is not as

useful, other than during start-up or any operation below 100 °

C. A possible application may be visualisation of PA since it is in

liquid form at typical operating temperatures and leaches out to

the GDL and bipolar plates. However, the quantities may be

insufficient to make detection using this method practical or

possible.

Fig. 20 FTIR spectra of pristine ABPBI, acid-doped ABPBI and phos-

phoric acid. Spectra numbered (1)–(4) correspond to ABPBI

membranes with increase acid doping levels. Reprinted from ref. 436,

Copyright (2014), with permission from Elsevier.

Fig. 21 IR spectra of water and PA–water mixtures as a function of

water content, l. Reprinted from ref. 92 with permission from the

Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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Optical bres have gained interest and application as

a sensor for PEMFCs. Optical bre sensors have been used to

detect temperature,450 relative humidity,450,451 membrane water

content,452 and species related to membrane degradation.453,454

The application of optical bres in HT-PEMFC is less common.

One use has the bres included as part of micro-electro-

mechanical systems (MEMS) technology for detecting internal

conditions such as temperature.455 Optical bres have been

used as pH sensors,456,457 which could be useful to infer acid

distribution in HT-PEMFCs, but there are no studies applying

optical bres to sense PA in HT-PEMFCs to the best of our

knowledge.

7.2 Infrared imaging

Infrared (IR) imaging, also known as infrared thermography,

detects the infrared radiation emitted by an object and creates

an image from which the temperature distribution can be

inferred. IR thermography can be used in single-frame mode to

take a snapshot of the system, or transient imaging can be used

to image the system as a function of time.458 Exothermic

chemical reactions and ohmic heating in the fuel cell release

heat energy and can be used for multiple types of analysis. One

such type is to investigate fuel crossover, which can in turn be

used to investigate membrane degradation. If the membrane is

truly impermeable to the reactants, hydrogen and oxygen

cannot react directly (as opposed to the electrochemical route

required for fuel cell operation). However, low levels of fuel

crossover do occur and this is increased by perforations forming

in the membrane.27 The direct reaction leads to local tempera-

ture hotspots where higher crossover is present, this enables the

identication of pinhole size and location.459 IR transparent

windows have been used in LT-PEMFCs to investigate cathode

and ow channel temperature distributions.460,461 The presence

of liquid water interferes with the IR radiation and temperature

estimation becomes difficult.462 However, water transport visu-

alisation has been achieved using optical and IR imaging.463 To

the authors' knowledge, there are no reported studies using IR

thermography combined with IR transparent windows in HT-

PEMFC research. However, IR thermography has been used to

detect the external stack temperature distribution.464

8. Gas and ion chromatography
8.1 Gas chromatography

Gas chromatography (GC) involves a sample being injected into

the system and carried to a column by a carrier gas known as the

mobile phase. Once in the column, the sample mixture inter-

acts with the stationary phase (typically a liquid lm) and is

separated into its various components based on the time taken

for the compound to progress through the column to the

detector (retention time). GC is typically combined with a mass

spectrometer (MS) to allow for the separation and analysis of

trace elements of chemical species in the exhaust gas at the

anode and cathode outlets.20 GC has been used in LT-PEMFC

research to investigate catalyst poisoning effects,465–467

degradation products,468 water distribution,469 and gas

crossover.470–472

GC requires a column to separate the gases prior to analysis.

However, some columns may be suitable for certain gases e.g.,

H2 but not others e.g., CO2.
473 In some studies, gas is directed to

the mass spectrometer without separation, and this is referred

to as direct gas mass spectrometry (DGMS). This technique has

been used to analyse degradation products such as HF, H2O2,

CO2, SO, SO2, H2SO2, and H2SO3.
473,474

There are only a couple of studies in the literature that use

GC or DGMS to analyse HT-PEMFC exhaust gas.190,475 Attention

has focused on the CO2 released at the anode during hydrogen

starvation,190,476 or ECSA calculation by monitoring CO2 during

CO stripping.313 Another use of GC is to identify the concen-

tration of gas species exiting a reformer and entering the HT-

PEMFC.477,478 One of the disadvantages of GC techniques is the

relatively slow sampling time (min); therefore, real-time gas

analysers using techniques such as DGMS which can provide

faster sampling may be useful for more dynamic studies.65

8.2 Ion chromatography

Ion chromatography (IC) shares a similar process to GC

whereby the sample is injected into a mobile phase (eluent) and

enters the analytical column, here the ions in the sample adsorb

onto a stationary phase (either anion or cation exchange resins).

Ions with a higher affinity to the stationary phase will take

longer to pass through the column and be detected and thus

different ions are separated. IC is utilised more in HT-PEMFCs

than GC. IC can be used to detect uoride, sulphate, nitrate, and

phosphate anions, as well as sodium and calcium cations.479 IC

has been used to determine the main PA degradation products

in the fuel cell exhaust: PO4
3− along with HPO4

2−, H2PO4
−, and

H3PO4.
147 Detection and quantication of phosphate ions are

used to investigate PA content and loss in HT-

PEMFCs.147,149,208,212,363,479 Inductively coupled plasma mass

spectrometry (ICP-MS) has also been used to quantify acid loss;

here exhaust water is analysed and Pt loss can also be detec-

ted.146,480 Several studies use the detection of HPO4
2− to deter-

mine the loss rate of PA (H3PO4) by assuming all forms of PA are

converted to HPO4
2− due to the equilibrium associated with this

tri-protic acid.149,212 Across the studies it was generally found

that increasing operating temperature, reactant ow rate, and

current density led to faster PA loss and reduced durability, with

the cathode loss typically higher than anode loss.147,149,208,212 IC

has also been used to investigate the effects of contaminated air

on HT-PEMFC operation.481,482 Sampling frequency in these

studies is typically in the tens of hours or several days, meaning

that highly dynamic studies of PA loss are unlikely to use IC.

IC has likewise been used in LT-PEMFC research to study

degradation. Most commonly IC is used to detect uoride and

sulphate content of water samples which is indicative of

membrane degradation.483–485 Online measurements of uoride

ions from a PEM water electrolyser have also been made using

IC; however, dynamic capability is limited by the sampling time,

which in turn, was limited by the rinsing and recording time to

24 min.486

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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9. Electron microscopy
9.1 Scanning electron microscopy

Scanning electron microscopy (SEM) is used for imaging struc-

tures and materials from the nm–mm range. This technique

utilises a beam of electrons that is focused onto the surface of

a sample, the interaction with the electron beam and the sample

create several different types of electrons and X-rays, including

secondary electrons and backscattered electrons. This allows for

direct surface imaging across a wide variety of length scales

depending on the exact magnication chosen. Most samples for

LT- and HT-PEMFCs are either individual components

(membranes, catalysts, support materials) or full MEAs (top

surfaces, cross-section). Samples are typically deposited onto

carbon tape and then coated with a thin layer of conductive

materials (either gold or more typically carbon), to minimise

sample charging. However, cross-sectional SEM samples typi-

cally require encasement in a resin followed by polishing,

microtoming or freeze fracturing to ensure a at sample.487

Focussed ion beam (FIB)-SEM is the most advanced prepara-

tion technique, in which an ion beam is used to mill the surface

of the sample, creating a at surface to image.70,127,186,488,489 The

FIB-SEM can be used to alternate between period of milling fol-

lowed by imaging, thereby building a 3D image of the sample,

which can in turn be used as a basis for 3D image-based

modelling. The high resolution of SEM allows for the particle

and pore structure of the MPL and catalyst layer to be imaged,

which are beyond the typical resolution limit of other 3D imaging

techniques like X-ray CT. Since the catalyst layers in LT- and HT-

PEMFCs are similar, studies using FIB-SEM are largely similar for

the two different technologies. For HT-PEMFCs, Prokop et al.

used FIB-SEM to evaluate the 3D microstructure of catalyst

layers,490 and used the microstructures to model transport

properties, with models showing good agreement with experi-

mental studies.491 Further modelling work has also used PEMFC

catalyst layer datasets to generate deep-learning algorithms for

accurate segmentation of FIB-SEM datasets, i.e., ensuring the

correct assignment of a label to each phase in the catalyst layer.492

Finally, the morphology of different HT-PEMFC catalysts,

including Pt/C and Pt3Co/C, was studied using FIB-SEM, with

analysis of the porosity showing that larger average pore size

results in better acid distribution.127

SEM is also typically combined with energy-dispersive X-ray

spectroscopy (EDX or EDS), which can measure and quantify

the amounts of each element within the sample by collecting

the characteristic X-rays of the element. EDX has been used in

HT-PEMFC samples in conjunction with SEM imaging,159,480,493

most interestingly it has been utilised to map the PA distribu-

tion within the structure of the catalyst layer (shown in

Fig. 22).168 SEM has also been widely used for qualitatively

assessing the surface of the depositedmaterial or layers; such as

catalyst layer or membranes.493–499 Cross-sectional SEM is

a useful technique to assess membrane and electrode thick-

ness, pore size distribution, catalyst location, catalyst layer

structure and defects.70,103,127,161,378,380,488,489,493–495,499–501 For HT-

PEMFCs this has been shown to be useful for tracking acid

loss out of the membrane via thickness changes.380 Cross-

sectional SEM has also been shown to signicantly improve

understanding of structural degradation during ASTs by

observing the direct impact of the MEA thickness, pore struc-

ture, catalyst migration and support degrada-

tion.122,124,125,127,186,488,489,496 While the experimental methods and

analysis are very similar between LT- and HT-PEMFCs the

differences in electrode composition, in particular the impor-

tance of PA in the catalyst layer, gives SEM an increased

importance for HT-PEMFC compared to LT-PEMFC.

9.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a sample analysis

technique that focuses a beam of electrons onto a sample, the

electrons pass through the sample, interacting with it before

reaching the detector behind the sample. TEM has high reso-

lution; however, given the electron beammust pass through the

sample, the materials have to be exceptionally thin. Samples are

typically prepared via deposition onto specialised TEM grids,

leaving clusters of materials no more than 10–100 nm thick. As

a result of this preparation method this technique is only useful

for imaging a small part of fuel cell materials, typically support

materials, ionomer and most commonly catalysts.493,498,502 TEM

is oen used to investigate catalyst characteristics due to the

nano-scale resolution of this technique. Examples include

catalyst particle size before and aer cell reversal caused by air

Fig. 22 Cross-sectional SEM images of HT-PEMFC MEAs with EDX

mapping of phosphorous. The MEAs feature various anode/cathode

GDL combinations imaged at the end of testing: (a) H23C2/H23C2, (b)

H23C2/H23C4, (c) H23C2/H24C3, and (d) H23C2/H24C5. The distinct

band in the centre is the membrane, with the anode and cathode on

the left and right sides respectively. Reprinted from ref. 168, Copyright

(2018), with permission from Wiley.

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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and fuel starvation,503,504 catalyst aggregation and surface

area,505 catalyst particle size and distribution.506 TEM has also

been applied to HT-PEMFCs to determine Pt particle size and

size distribution.120,162,192 There is little to no difference in

sample preparation reported between LT and HT-PEMFCs,

although, sample preparation typically involves sonication in

water which is likely to signicantly disrupt the PA distribution

in HT-PEMFCs.

10. Magnetic resonance
10.1 Nuclear magnetic resonance

Nuclear Magnetic Resonance (NMR) is the absorption and ree-

mission of radiofrequency (RF) pulses by nuclear spins in

a magnetic eld, or the responses of spins to external RF exci-

tations.507 NMR techniques can only probe nuclei with non-zero

spins, essentially nuclei with odd number of protons and/or

neutrons e.g., 1H, 2H, 13C, 19F, 31P, 195Pt. There are many

different techniques that use NMR such as solution-state, solid-

state, pulsed-eld gradient (PFG) and static-eld gradient (SFG),

relaxometry, and others. For a more in-depth review of different

NMR techniques and applications to PEMFCs, the reader is

referred to dedicated review articles.507,508 NMR techniques are

used in LT-PEMFCs to characterise structural properties, and

proton and water transport properties. Membrane structural

characterisation studies typically use NMR to target 1H, 13C, 19F

and 31P nuclei, and can be used to identify structural changes

caused by degradation.507–509 Analysis of exhaust water following

membrane degradation has utilised 19F NMR.510 Water and

proton transport properties such as the water diffusion and

electroosmotic drag coefficients have been investigated using

NMR methods.511–513 NMR has been used similarly in HT-

PEMFCs, although focusing on proton transport in acid-

doped membranes rather than water-saturated PFSA

membranes. Proton conduction mechanisms in PA–water and

PA–benzimidazole systems have been investigated using 1H, 17O

and 31P NMR spectroscopy.92,93 The studies identied the

changes in proton transport mechanism as a function of water

content, as well as identifying the importance of hydrogen bond

frustration and why PA-PBI are suited to HT-PEMFCs. 31P NMR

has also been used to examine the impact of water on the

energetics of PA interaction with the membrane and suggest

a new acid loss mechanism based on the change in PA cluster

energy.211 Fig. 23 shows the chemical peaks of 31P NMR for

hydrous and anhydrous PA-PBI and biphosphate-TMA systems.

The chemical shi downeld indicates a higher cluster inter-

action energy. Adding water to PA-PBI signicantly increases the

interaction energy; whereas, only a minor increase occurs when

adding water to the biphosphate-TMA system. The lower inter-

action energy of the PA-PBI system is used to explain the poorer

PA retention when water is present in contrast to the QAP-based

systems.211

10.2 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is based on the principles of

NMR, and is commonly used in medical applications, whereby

magnetic eld gradients enable for spatial reconstruction to

form the image. MRI has been used for in situ water visual-

isation in LT-PEMFCs.514–516 Local current density has also been

measured using the shi in obtained NMR signal caused by the

magnetic eld of the local current density.517 While MRI has

benets such as being non-invasive and compatible with oper-

ating fuel cells, it does face challenges regarding the fuel cell

material,518 being incompatible with ferromagnetic and para-

magnetic materials. This means that the typical materials

within the electrode are not suitable for MRI, and MRI-specic

component designs are required to enable successful

imaging.507 Currently, there are no studies in the literature

using MRI to study HT-PEMFCs. Other than requiring specialist

equipment and cell componentry, the main reason is likely that

the lack of liquid water to be visualised means there is little

interest in using this technique. However, 31P MRI is utilised in

medical applications to noninvasively detect phosphorous-

containing biological tissues.519,520 It may therefore be theoret-

ically possible to use 31P MRI as a method to investigate PA

distribution in HT-PEMFCs.

11. Accelerated stress tests

Accelerated stress tests (ASTs) are tests designed to replicate

long-term operation, allowing characterisation of degradation

in a controlled manner and estimation of durability. ASTs may

also be referred to as accelerated durability/degradation tests

(ADTs), and ageing tests.

11.1 Background on LT-PEMFC ASTs

Given the importance of durability testing and the relative

maturity of LT-PEMFCs, multiple organisations have developed

Fig. 23
31P NMR spectra comparison between hydrous and anhydrous

PA-PBI and biphosphate-TMA. Hydrous conditions have water to PA

ratio of 10. Reproduced from ref. 211 with permission from the Royal

Society of Chemistry.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024
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AST standards, including the U.S. DoE and those developed as

part of the ID-FAST project funded by H2020.521–523

Chemical failure modes arise due to chemical attack on

various components in the MEA and are most relevant for the

membrane and the GDL. The main reason for the chemical

degradation of the membrane is a result of the formation of

hydrogen peroxide (H2O2) and subsequent breakdown to free-

radicals (e.g., $OH, $OOH and $H);524,525 these react with both

side-chains and the polymer backbone in the PFSA

membrane,526 via a complex number of reactions that are dis-

cussed in detail by Coms.525 It is thought that the presence of

impurities, like Fe2+ or Cu2+, accelerates the formation of free

radicals in the membrane,525 as shown by an OCV durability

test.527

Hydrogen peroxide can also result in degradation of the GDL

via oxidation.528 To emulate this form of degradation, GDLs can

be soaked in H2O2 for a number of hours, followed by perfor-

mance testing and comparison of MEAs prepared with aged

GDLs to those prepared with pristine GDLs. A range of condi-

tions for GDL soaking are found in the literature: 35 wt% H2O2

for 12 h at 90 °C;529 30 wt% for 16 h or 24 h at 90 °C;339,530 30 wt%

H2O2 for 15 h at 95 °C;531 H2O at 80 °C for 1000 h.532 Despite

differences in the degradation protocol used, the result of the

immersion in most cases was found to be reduced fuel cell

performance, along with increased water accumulation in the

GDL.

Mechanical failure modes mostly affect the membrane

(though carbon corrosion could be considered a mechanical

failure mode of the catalyst layer due to the formation of

cracks). Humidity cycling during MEA operation can cause the

membrane to crack and pinholes can be formed.362,533 This

results in performance loss by way of gas crossover or signi-

cant inhomogeneity in current density distribution.534,535

Furthermore, pinhole formation, in particular, is thought to be

accelerated by way of combined chemical and mechanical

degradation,536 where gas crossover, growth of pinholes and

side/main-chain degradation are all observed.536,537

Carbon corrosion is most likely to occur during start-up/

shutdown of the fuel cell, where signicant overpotentials

arising as a result of an air/hydrogen boundary lead to oxidation

of the carbon and gas formation in the form of carbon

monoxide and carbon dioxide.538,539 By cycling in a triangular-

sweep prole between 1.0 and 1.5 V for 5000 cycles, the

carbon support can be degraded. As well as the formation of

gases, the morphology of the catalyst layer is signicantly

impacted, with the formation of cracks through the catalyst

layer,349,360 as well as the collapse of the electrode leading to

reduced porosity.540 Both effects increase the mass transport

losses in the cell, since gas diffusion and water transport are

inhibited in the CL and electron transport pathways are mini-

mised due to the cracks.541

Electrocatalyst degradation occurs during operation over

many thousands of hours, and the AST used to resemble this

involves square-wave cycling between 0.6 and 0.95 V for 30 000

cycles. The voltage window relates to the activation region of the

polarisation curve, where the performance of the fuel cell is

limited most by electrocatalyst kinetics. Over the course of

cycling, the Pt undergoes degradation via several key mecha-

nisms, including agglomeration, Ostwald ripening and disso-

lution, as discussed by Meier et al.542 Cyclic voltammetry is one

of the key techniques for characterising and understanding the

progress of degradation in the cycle, since CV allows for quan-

tication of the ECSA and as the catalyst nanoparticles coalesce/

agglomerate, their active surface area available for reaction

decreases.543 The electrocatalyst AST is particularly useful in the

search for low- to non-Pt-containing electrocatalysts,251 since

the long-term stability of these can be measured using the AST.

Other effects, like the particle size effect,544 the use of alternative

supports like carbon nanobres,545 tantalum-modied titanium

oxide,546 have been investigated using the electrocatalyst AST.

11.2 HT-PEMFC ASTs

A comprehensive list of ASTs for HT-PEMFCs is given in Table 4

and will be discussed in detail in this section. ASTs commonly

focus on acid loss, catalyst degradation, and the effects of start-

up/shutdown procedures.

11.2.1 Acid loss. PA can be lost from the cell through

evaporation, electrolyte migration towards the anode, removal

due to water which has entered the PA cluster, and during hot-

pressing.126,211,212 Therefore, acid loss is dependent on temper-

ature and applied current density. Current has multiple effects,

one being the migration of H2PO4
− to the anode, and the other

being the generation of water and subsequent interaction with

PA and polymer membrane. This relationship is reected in the

types of ASTs used to induce acid loss. Current cycling from low

current density to moderate or high current density is

frequently used. Using higher maximum current densities

during cycling leads to greater acid loss due to increased water

generation, greater H2PO4
−migration to the anode and removal

through the ow eld.194,209 The high current density cycling

protocol promoted by the group at the University of Oldenburg

and developed in the Construction of Improved HT-PEM MEAs

and Stacks for Long Term Stable Modular CHP Units (CISTEM)

project (grant agreement ID: 325262) is shown in Fig. 24.189 The

results show higher phosphorous content detected in the fuel

cell exhaust water when using higher current density cycling.

The length of time the cell is held at the current density set

points also has an effect. Longer hold times lead to lower

degradation rates; this was explained by more time at low

current densities allowing for a greater amount of acid which

had migrated into the electrodes to re-enter the membrane.547

Multiple studies have reported using the same or very similar

current cycling proles; however, the test duration, gas supply

parameters, and temperature are not consistent across all

studies.146,219,274,548,549 This makes it difficult to reliably compare

MEA performance between different studies. Constant current

or potential testing is reported in the literature with the former

beingmore common for acid loss testing due to the dependence

on water generation and therefore current rather than potential,

but current cycling is used most and induces greater degrada-

tion rates.146,550 Thermal cycling is also used to accelerate acid

loss due to the impact of temperature on evaporation and the

impact of water partial pressure changes occurring when

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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Table 4 HT-PEMFC AST protocols in the literature

Type of stress Cycle description Temperature range
Gases supplied
(anode//cathode) Duration Ref.

Acid loss
Current cycling 0.60 A cm−2 (4 min) 160 °C H2//air (dry) 70–230 h 146

1.00 A cm−2 (16 min)

0 A cm−2 (10 min every 6 h)

Current cycling 0.60 A cm−2 (4 min) 150 °C H2//O2 (dry) 70 h 274 and 548
1.00 A cm−2 (16 min)

0.00 A cm−2 (10 min every 6 h)

Current cycling 0.60 A cm−2 (4 min) 160 °C H2//air (unspecied) 500 h 219 and 549

1.00 A cm−2 (16 min)
Current cycling 0.20 A cm−2 160 °C H2//air (unspecied) 600 h 194

0.80 A cm−2 (20 min per cycle)

Current cycling 0.20 A cm−2 (15–120 s hold times) 160 °C H2//air (dry) 2000 h 547
0.80 A cm−2 (21–168 s hold times)

Current cycling 0.20–0.60 A cm−2 160 °C H2//air (unspecied) 100 h 186

(0.05 A cm−2 step every 5 min)

Constant current 0.20 A cm−2 190 °C H2//air (dry) 2830 h 212
Constant potential 0.20 V 150 °C H2//air (dry) 100 h 564

Thermal cycling 0.20 A cm−2 140 °C (1 h) H2//air (unspecied) 100 h 186

160 °C (1 h)

180 °C (1 h)
Thermal cycling 0.15 A cm−2 80–160 °C H2//O2 (pH2O

= 9.7 kPa) 550 cycles 112

(10 °C min−1 ramp rate)

Catalyst layer degradation

Potential cycling 0.60–1.00 V (0.05 mV s−1 scan rate) 160 °C H2//N2 (dry) 10 000 cycles 123

Potential cycling 0.60 V (8 s) 160 °C H2//N2 (dry and wet N2 tests) 30 000 cycles 125 and 156

1.00 V (8 s)
Potential cycling OCV (3 min) 160 °C H2//air (unspecied) 100 h 281

0.50 V (30 s)

Potential cycling 0.90 V (3 min) 160 °C H2//air (dry) 5000 cycles 551

0.50 V (3 min)
Potential cycling 0.60–1.20 V (0.05 mV s−1 scan rate) 160 °C H2//N2 (dry) 5000 cycles 122

Current cycling 0.00 A cm−2 (20 min) 160 °C H2//air (dry) 100 h 480

0.20 A cm−2 (20 min)

Current cycling 0.0–0.2 A cm−2 160 °C H2//air (unspecied) 100 h 186
(0.05 A cm−2 step every 5 min)

Current cycling 0.04 A cm−2 160 °C H2//air (unspecied) 600 h 194

0.20 A cm−2 (20 min per cycle)
Current cycling 0.00 A cm−2 (4 min) 160 °C H2//air (unspecied) 1000 h 550

0.30 A cm−2 (16 min)
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Table 4 (Contd. )

Type of stress Cycle description Temperature range

Gases supplied

(anode//cathode) Duration Ref.

Bipolar plate degradation

Potential cycling 0.10 V (15 min) 120 °C H2//O2 (unspecied) 83 h 142

0.97 V (15 min)

Membrane degradation

Temperature cycling 0.00 A cm−2 30 °C (30 min) Unspecied 150 h 557
180 °C (30 min)

Temperature cycling 0.6 V 40 °C (2 h) Unspecied 2500 h 559

160 °C (2 h)

Start-up/shutdown

Current and thermal cycling 0.00 A cm−2 (25/ 200 °C OCV stabilise) 25–200 °C H2/N2//air/N2 (dry) 100 cycles 555

0.60 A cm−2 (1 h at 200 °C)

0.00 A cm−2 (200/ 25 °C)
Potential cycling at constant temperature 1.0 V (5 min, fuel valves open) −20 °C H2//O2 (dry) 150 cycles 115

0.10 V (5 min, cell off, valves closed) 15 °C

(0.025 mV min−1 scan rate) 40 °C
Thermal cycling at constant voltage 0.50 V 40–160 °C

(15 °C min−1 ramp rate)

H2//air (dry) 700 cycles 114

Current and thermal cycling 0.30 A cm−2 (approx. 12 h, 160 °C) 30–160 °C H2/N2//air/N2

(unspecied)

500 h 219

0.00 A cm−2 (approx. 12 h, #120 °C)
Current and thermal cycling 0.20 A cm−2 (16 h, 180 °C) 25–180 °C H2//air (dry) 157 cycles 252

0.00 A cm−2 (approx. 8 h, 25 °C)

Current and thermal cycling 0.00 A cm−2 (30 s, 115 °C) 80–165 °C H2/reformate/N2//air (dry) 1562 cycles 238

0.25 A cm−2 (990 s, 165 °C) (2.5 °C min−1 ramp rate)
0.03 A cm−2 (600 s, 25 °C)

Fuel cycling No load applied 180 °C H2/air//air 150 cycles 252

Anode gas switched between H2 and air in 90 s intervals

(air as cathode gas)
Potential cycling 1.5 V (30 min) 160 °C H2//N2 (100% RH) 2.5 h 565

Duty cycle
Current cycling Duty cycle based on new European drive cycle (NEDC) 160 °C H2//air 500 cycles 566

Current cycling Annual CHP unit prole 160 °C H2/CO//air 970 h 567

0.40 A cm−2 (250 h)

0.20–0.40 A cm−2 (120 h)
0.20 A cm−2 (120 h)

0.00–0.20 A cm−2 (240 h)

0.20–0.40 A cm−2 (120 h)

0.20 A cm−2 (120 h)
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cycling with set points above and below phase change temper-

atures. Thermal cycling has been reported to cause more

signicant PA leaching than low or high load current cycling.186

It is clear that ASTs, including high temperatures >180 °C and/

or current density cycling with upper set points $0.6 A cm−2,

are effective and common methods to study acid loss in HT-

PEMFCs. However, a standardised approach is lacking and is

required to allow reliable comparisons across studies.

11.2.2 Catalyst degradation. The degradation of the cata-

lyst layer can occur through several different mechanisms:

carbon corrosion,121,189,190 Pt dissolution, detachment, Ostwald

ripening, sintering, and agglomeration.156,189,191,192 As can be

seen in Table 4, potential cycling is much more common for

inducing catalyst layer degradation than acid loss. This is due to

the established dependence of catalyst degradation mecha-

nisms on potential. Carbon corrosion is typically targeted using

cycling with upper limits >1.0 V, whereas Pt degradation

mechanisms can be targeted with slightly lower limits

∼0.9 V.122,551,552 Potential cycling ASTs oen operate with H2 and

N2 supplied to the anode and cathode, respectively, to avoid

superimposed currents caused by the oxidation of hydrogen

interfering with corrosion current measurements.156 Many AST

studies targeting catalyst degradation in HT-PEMFCs use dry

gases as would be typical in normal operation; however, unlike

during operation, these ASTs result in no water at the cathode

during cycling which has a signicant effect on recorded

degradation; humidied conditions can lead to irreversible

degradation, whereas performance was reported to be recover-

able aer operating in dry conditions as the dehydration-

restricted Pt dissolution mechanisms that require ion conduc-

tivity involve reaction with water.156 This effect is shown in

Fig. 25, where the difference in polarisation curves aer 30 000

cycles with subsequent 24 hours of operation for both humid-

ied and dry H2/N2 conditions can be seen.

Triangular and square wave cycling is frequently used in

catalyst layer degradation protocols. Other than the potential

limits, triangular and square wave cycles are dened by their

scan rate and hold times respectively. Generally, square wave

ASTs lead to faster degradation rates due to rapid potential

changes and longer hold times at high potential.553,554 However,

which type of wave used during AST cycling will accelerate

degradation more depends on the conditions of the individual

cycles.552 Current cycling is also used to investigate catalyst

degradation in HT-PEMFCs. These cycles are typically from 0.0

A cm−2 to 0.2 A cm−2 and are generally square waves with up to

20 min hold times. This type of cycling is more representative of

real fuel cell operation as OCV and non-zero currents are used

under hydrogen and air conditions. To the authors' knowledge

there are currently no standards for ASTs targeting catalyst

degradation in HT-PEMFCs. Studies do use established cycles

used for LT-PEMFCs, and this is reasonable as the catalyst layer

materials and structure shares many similarities with LT-

PEMFCs. However, higher temperature operation, water in the

vapour phase, the presence of PA, use of reformate gas, and

different binder materials mean that catalyst degradation in

HT-PEMFCs ultimately occurs under different conditions.

Therefore, specic catalyst degradation AST protocols should be

dened for HT-PEMFCs. It is also worth noting that AST studies

of catalyst degradation in the literature typically run a pre-

determined number of cycles or duration, whereas acid loss

studies may do this or run the cell until failure.

11.2.3 Start-up/shutdown. The start-up/shutdown event in

PEMFCs can lead to air and fuel coexisting at the anode which

causes high potentials at the cathode resulting in severe carbon

corrosion.250 Depending on the length of time since the fuel cell

last operated, the change in temperature during the start-up/

shutdown event could be >120 °C. Starting up the fuel cell or

shutting it down would typically involve a step change in current

either from or to 0 A cm−2. Therefore, ASTs targeting the start-

up/shutdown process could include high potential, thermal and

current cycling. As this type of process is more complex than

just inducing acid loss or catalyst degradation (and oen causes

these mechanisms to occur), these ASTs show the greatest

Fig. 24 AST profiles for inducing PA loss using (a) high (LC1a) and (b)

low (LC2) current density cycling, and (c) mass of phosphorous in the

fuel cell exhaust water determined by ICP-MS. Adapted from ref. 146,

Copyright (2016), with permission from Wiley.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024

Journal of Materials Chemistry A Review
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variation across studies. The duration of hold times at current

or voltage set points range from 30 s to 16 h, where there are

many cycles per day to increase degradation or one cycle per day

which is more realistic of how frequently the fuel cells would be

started up. Some of the studies purge the cell with N2 during

start-up and shutdown to prevent carbon corrosion or for

safety,219,238,555 while others do not purge with N2 (or do not

specify).114,115,252 ASTs using thermal cycling have lower and

upper temperature limits ranging from 25–80 °C and 160–200 °

C, respectively, and some studies dene temperature ramp rates

while others do not. Very few studies investigate the impact of

start-up and shutdown at temperatures below 0 °C.115 Another

study investigates the impact of H2/air fronts in the anode by

alternating gas ow between H2 and air every 90 seconds with

no load applied.252 This method was deemed to be a realistic

simulation of start-up/shutdown events compared to a 4000 h

durability study with 157 start-up/shutdown cycles.252 Due to the

lack of standardisation of ASTs and the complexity of this

process, reliable comparison of degradation rates between

different studies in the literature is challenging. Stand-

ardisation of ASTs is the only way to reliably solve this issue.

Attempts at standardising start-up/shutdown ASTs for LT-

PEMFCs have been made by the U.S. DoE and H2020 Euro-

pean ID-FAST Project.217,523,556 Adaptions to operating conditions

of these existing protocols may provide a simple pathway to

similar standardisation for HT-PEMFCs. However, specically

targeting acid loss during start-up/shutdown for degradation

studies may require different protocols.

11.2.4 Other ASTs. ASTs targeting mechanisms other than

acid loss, catalyst degradation and the start-up/shutdown

process are much less common, likely because they are not

deemed to be as crucial to durability. ASTs for membrane

degradation found in the literature use thermal cycling to assess

durability with lower and upper temperature limits of 30–40 °C

and 160–180 °C respectively. The thermal cycling exposes the

membrane to thermal and mechanical stress due to contraction

and expansion of the membrane, and at low temperatures

liquid water is formed and can contribute to acid loss.557 At OCV

conditions, reactants are not being consumed for electro-

chemical reaction which can result in higher crossover. The

crossover of oxygen to the anode can result in the formation of

hydrogen peroxide and subsequent radicals that chemically

attack the membrane.558 This is a problem for LT-PEMFCs, and

cross-linked PBI showed similar susceptibility to Naon

membranes, with pristine PBI being even more susceptible.559

ASTs have been developed for LT-PEMFCs to assess chemical

stability.560,561 The equivalent does not currently exist for HT-

PEMFCs, although adaption of the LT-PEMFC protocols

should be relatively straightforward. Chemical durability is

typically assessed using Fenton's reagent tests.562

Research focusing on bipolar plate degradation and dura-

bility in HT-PEMFCs is relatively low.563 ASTs for HT-PEMFC

bipolar plates are even rarer. Only one AST was found in the

literature. The study itself did not solely focus on bipolar plate

degradation, but instead assessed the effects of potential

cycling on both the MEA and bipolar plates.142 Therefore, ASTs

for HT-PEMFC bipolar plates are still lacking.

11.3 Summary of recommendations

Due to the importance of ASTs in allowing for controlled

inducement of degradation mechanisms and estimation of

lifetime, focus must be given to the development and stand-

ardisation of ASTs for HT-PEMFCs. Recommendations from

this review include:

� Standardisation of acid loss ASTs. These should use high

current density cycling with upper set points $0.6 A cm−2,

higher temperatures (>180 °C) may also be combined with the

current density cycling to induce acid loss. However, the ex-

pected operating temperature of the fuel cell should be

considered when estimating lifetime, with many PBI-based

MEAs operating at 160 °C.

� ASTs targeting catalyst layer degradation (e.g., carbon

corrosion, catalyst surface area loss) can be adapted from

standardised LT-PEMFC ASTs such as those generated by the

U.S. DoE. However, the difference in operating conditions must

be factored in when making adaptions to existing LT-PEMFC

ASTs (e.g., higher temperature, and dry reactant gases). The

impact of the presence of water during potential cycling using

N2 on degradation and lifetime estimation should also be

considered.

� Start-up/shutdown ASTs are the most complex with

signicant variation, and also require standardisation.

Fig. 25 Polarisation curves at beginning of life (BoL), after specified

number of cycles, and end of test (EoT) with 24 hours of operation at

0.2 A cm−2. (a) Dry and (b) humidified H2/N2 cycling between 0.6 and

1.0 V (graph modified from original).156

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. A
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Adaption of existing protocols such as the U.S. DoE AST for LT-

PEMFC start-up/shutdown may be a relatively simple pathway

to achieving improved standardisation, as only the operating

conditions would need to be altered. However, targeting

specic HT-PEMFC degradation mechanisms during start-up/

shutdown such as acid loss may require additional protocol

adaption.

� ASTs for other components and degradation mechanisms

have received less attention and require more development

before standardisation can be achieved.

� Whilst adaptions to existing LT-PEMFC AST protocols may

hasten standardisation of HT-PEMFC ASTs, it is not sufficient to

cover all degradation mechanisms that are unique to HT-

PEMFCs. Therefore, efforts should be made to build on the

work of the DENMEA (grant agreement ID: 245156) and CISTEM

projects with similar efforts to those of LT-PEMFC AST devel-

opment (e.g., H2020 European ID-FAST Project, U.S. DoE) to

develop standardised ASTs for HT-PEMFCs.

12. Summary and concluding remarks

HT-PEMFCs offer multiple potential benets over conventional

LT-PEMFCs including higher impurity tolerance, simplied

water and thermal management as well as potentially faster

reaction kinetics. The recent development of PA-based ion-pair

membranes for high-temperature operation offers signicant

improvements in performance across a wide temperature range,

and improved PA retention in the presence of water. However,

state-of-the-art performance and durability of HT-PEMFCs do

not match that of commercial LT-PEMFCs. Additionally, the Pt

loading is signicantly higher for HT-PEMFCs. Thus, further

work is required to address these issues.

This review introduced HT-PEMFC technology, the applica-

tions and important considerations of common character-

isation techniques, how this differed from LT-PEMFCs, and

highlighted areas required to advance characterisation and

progress HT-PEMFC technology to commercialisation. Key

conclusions and future directions are summarised below:

(1) Operando and in situ characterisation techniques are

required to provide information about the fuel cell under real-

istic operating conditions. Methods that are non-destructive

and allow the fuel cell to operate as it would in real-world

applications require fewer assumptions and caveats when

analysing the results, and therefore are the most useful. While

there are operando and in situ techniques applied currently, the

existing mature application of techniques to LT-PEMFCs may

provide useful insight for further development and opportuni-

ties for HT-PEMFCs.

(2) Electrochemical characterisation techniques are essential

for operando characterisation of HT-PEMFC performance. These

characterisation methods share many similarities in their

application with LT-PEMFCs, and the differences mainly occur

in the results and their interpretation. The greatly reduced

sensitivity to proton conduction via water molecules appears to

lead to a reduction in hysteresis behaviour during polarisation

curves, and the low-frequency inductance loop commonly

found in LT-PEMFC EIS is scarcely reported. Further research is

required to determine the extent to which these phenomena

occur across operating conditions and to conclusively deter-

mine the impact of low-frequency inductive behaviour for HT-

PEMFCs, and thus inform more accurate ECMs. The impor-

tance of linear EIS validity is also highlighted, especially when

using DRT analysis which requires high-quality, valid data to

allow meaningful interpretation. CV methods using the

hydrogen underpotential method to determine ECSA may not

be accurate for HT-PEMFCs, and CO stripping may be a better

alternative.

(3) Imaging techniques such as X-ray and neutron radiog-

raphy and CT, and optical andMRI imaging are commonly used

in LT-PEMFCs to visualise water content and some offer similar

applicability in characterising PA distribution in HT-PEMFCs.

X-ray and neutron tomography techniques permit 3D and 4D

in situ and operando studies providing useful information on

the fuel cell morphology and dynamic transport of water and

PA. Challenges arise with these techniques due to limited access

to synchrotron facilities. Although X-ray radiography and CT are

possible using lab-based systems, lab-based studies typically

require a subtraction method to allow segmentation of the PA

which necessitates time-consuming additional experimental

and image processing steps. This ultimately limits the scope for

in situ or operando studies where morphology changes prevent

subtraction or preliminary “dry” scans are not possible.

Therefore, new methods to improve PA segmentation by

enhancing contrast would simplify existing PA visualisation

methodologies.

(4) Non-invasive operando measurement of exhaust gases or

analysis of effluent water can provide information on degrada-

tion. Gas and ion chromatography techniques are typically used

for this purpose, with the latter most common for determining

PA loss in HT-PEMFCs. These techniques offer the potential to

monitor various degradation mechanisms such as carbon

corrosion, membrane degradation, and PA loss; ICP-MS can

also be used to identify trace elements such as Pt in effluent

water. Current methods require long sampling times or for the

sample to be collected and analysed ex situ. Development of

techniques or methodologies with short sampling times

(seconds to a couple of minutes) would allow for non-invasive

dynamic studies of degradation as a function of operating

conditions.

(5) Raman and IR spectroscopy are used to characterise the

structure of catalyst layers and membranes in HT-PEMFCs.

Raman spectroscopy has the advantage of high sensitivity

even in the presence of liquid water, and this has allowed for

dynamic studies of water transport in LT-PEMFCs. Operando

studies of PA transport in HT-PEMFCs could offer insight into

the chemical states of the acid-doped membrane. IR spectros-

copy allows for in situ and operando studies of HT-PEMFC

exhaust gases, oen focusing on CO2 caused by corrosion.

NMR spectroscopy has been useful in probing the water and

proton transport properties in LT-PEMFCs and has been

applied similarly in PA-based systems in HT-PEMFCs; this has

allowed a new PA loss mechanism to be suggested and insights

into the success of PA-PBI systems and the improved PA

retention of ion-pair membranes.
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(6) ASTs are crucial for estimating real-world durability in

a controlled lab-based setting. When combined with advanced

characterisation techniques, ASTs are valuable in targeting

specic degradation mechanisms, which ultimately assists the

progress towards increased durability. Standardised ASTs for

HT-PEMFCs are lacking, making meaningful durability

comparisons between different studies impossible. Modifying

existing standardised ASTs for LT-PEMFCs may be a potential

remedy for this issue, an example being the adjustment of

existing ASTs (e.g., U.S. DoE) targeting catalyst degradation as

the technologies share similar catalyst and support compo-

nentry. Careful consideration must also be given to the

humidication state of the inlet gas in common catalyst layer

ASTs. This parameter varies across tests and has been shown to

have a signicant impact on the degradation and representa-

tion of real-world operation. Unique mechanisms such as PA

loss require new protocols. The most effective existing ASTs for

inducing PA loss use high current density cycling (upper set

point $0.6 A cm−2), yet standardisation across studies is

missing. The presence of PA must also be considered when

designing new ASTs for components such as bipolar plates.

Start-up/shutdown ASTs show considerable variation between

studies, likely due to the complex nature of the process and the

number of parameters involved. The initial and nal tempera-

tures, ramp rate, gases supplied, current and voltage cycling all

vary signicantly and have a critical impact on degradation,

making it difficult to draw comparisons across studies and

highlighting the need for standardisation.

The progression of HT-PEMFC technology to commercialisa-

tion relies on the utilisation of existing characterisation tech-

niques as well as the development of new methodologies. A

combination of electrochemical, multi-scale imaging, and spec-

troscopic techniques under fuel cell operating conditions is

required for a deeper understanding of underlying physical and

chemical mechanisms as well as the characterisation of perfor-

mance, degradation and durability of cells and stacks. Another key

takeaway is the identication of standardised ASTs as an essential

next step to allow comparisons of technologies across studies.
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142 C. Alegre, L. Álvarez-Manuel, R. Mustata, L. Valiño,

A. Lozano and F. Barreras, Int. J. Hydrogen Energy, 2019,

44, 12748–12759.

143 A. Tang, L. Crisci, L. Bonville and J. Jankovic, J. Renewable

Sustainable Energy, 2021, 13, 022701.

144 S. Galbiati, A. Baricci, A. Casalegno and R. Marchesi, Int. J.

Hydrogen Energy, 2012, 37, 2462–2469.

145 F. Zhou, D. Singdeo and S. K. Kær, Fuel Cells, 2019, 19, 2–9.

146 D. Schonvogel, M. Rastedt, P. Wagner, M. Wark and

A. Dyck, Fuel Cells, 2016, 16, 480–489.

147 Y. H. Jeong, K. Oh, S. Ahn, N. Y. Kim, A. Byeon, H. Y. Park,

S. Y. Lee, H. S. Park, S. J. Yoo, J. H. Jang, H. J. Kim, H. Ju and

J. Y. Kim, J. Power Sources, 2017, 363, 365–374.

148 E. Quartarone and P. Mustarelli, Energy Environ. Sci., 2012,

5, 6436.

149 S. Yu, L. Xiao and B. C. Benicewicz, Fuel Cells, 2008, 8, 165–

174.
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151 D. Úbeda, F. J. Pinar, D. C. Orozco, P. Cañizares,

M. A. Rodrigo and J. Lobato, J. Appl. Electrochem., 2012,

42, 711–718.

152 S. Kaserer, K. M. Caldwell, D. E. Ramaker and C. Roth, J.

Phys. Chem. C, 2013, 117, 6210–6217.
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333 D. Úbeda, P. Cañizares, P. Ferreira-Aparicio,

A. M. Chaparro, J. Lobato and M. A. Rodrigo, Int. J.

Hydrogen Energy, 2016, 41, 20294–20304.

334 A. Bergmann, T. Kurz, D. Gerteisen and C. Hebling, in 18th

World Hydrogen Energy Conference 2010 - WHEC 2010

Parallel Sessions Book 1: Fuel Cell Basics/Fuel

Infrastructures, 2010.

335 K. Yezerska, A. Dushina, F. Liu, M. Rastedt, P. Wagner,

A. Dyck and M. Wark, Int. J. Hydrogen Energy, 2019, 44,

18330–18339.

336 S. Litster, W. K. Epting, E. A. Wargo, S. R. Kalidindi and

E. C. Kumbur, Fuel Cells, 2013, 935–945.

337 V. S. Bethapudi, J. Hack, P. Trogadas, J. I. S. Cho, L. Rasha,

G. Hinds, P. R. Shearing, D. J. L. Brett and M.-O. Coppens,

Energy Convers. Manage., 2019, 202, 112198.

338 Q. Meyer, J. Hack, N. Mansor, F. Iacoviello, J. J. Bailey,

P. R. Shearing and D. J. L. Brett, Fuel Cells, 2019, 19, 35–42.

339 J. Park, H. Oh, H. Park, J. W. Moon, S. J. Lee and S. Y. Jung,

Int. J. Energy Res., 2022, 46, 9058–9070.

340 J. Hack, T. M. M. Heenan, F. Iacoviello, N. Mansor,

Q. Meyer, P. Shearing, N. Brandon and D. J. L. Brett, J.

Electrochem. Soc., 2018, 165, F3045–F3052.

341 T. M. M. Heenan, C. Tan, J. Hack, D. J. L. Brett and

P. R. Shearing, Mater. Today, 2019, 31, 69–85.

342 E. Hoppe, H. Janßen, M. Müller and W. Lehnert, J. Power

Sources, 2021, 501, 230036.

343 F. Javier Pinar, M. Rastedt, N. Pilinski and P. Wagner, Int. J.

Hydrogen Energy, 2016, 41, 19463–19474.

344 J. J. Bailey, J. Chen, J. Hack, M. Perez-Page, S. M. Holmes,

D. J. L. Brett and P. R. Shearing, J. Power Sources, 2021,

509, 230347.

345 K. Tang, Q. Meyer, R. White, R. T. Armstrong,

P. Mostaghimi, Y. Da Wang, S. Liu, C. Zhao,

K. Regenauer-Lieb and P. K. M. Tung, Comput. Chem.

Eng., 2022, 161, 107768.

346 O. Sekizawa, T. Uruga, N. Ishiguro, H. Matsui, K. Higashi,

T. Sakata, Y. Iwasawa and M. Tada, J. Phys.: Conf. Ser.,

2017, 849, 012022.

347 W. K. Epting, J. Gelb and S. Litster, Adv. Funct. Mater., 2012,

22, 555–560.

348 S. Komini Babu, H. T. Chung, P. Zelenay and S. Litster, ACS

Appl. Mater. Interfaces, 2016, 8, 32764–32777.

349 A. Pokhrel, M. El Hannach, F. P. Orno, M. Dutta and

E. Kjeang, J. Power Sources, 2016, 329, 330–338.

350 A. Mularczyk, Q. Lin, D. Niblett, A. Vasile, M. J. Blunt,

V. Niasar, F. Marone, T. J. Schmidt, F. N. Büchi and

J. Eller, ACS Appl. Mater. Interfaces, 2021, 13, 34003–34011.

351 M. Sepe, P. Satjaritanun, I. V. Zenyuk, N. Tippayawong and

S. Shimpalee, J. Electrochem. Soc., 2021, 168, 074507.

352 A. D. Shum, C. P. Liu, W. H. Lim, D. Y. Parkinson and

I. V. Zenyuk, Transp. Porous Media, 2022, 144, 715–737.

353 Y.-C. Chen, A. Berger, S. De Angelis, T. Schuler, M. Bozzetti,

J. Eller, V. Tileli, T. J. Schmidt and F. N. Büchi, ACS Appl.

Mater. Interfaces, 2021, 13, 16227–16237.

354 S. Chevalier, N. Ge, J. Lee, M. G. George, H. Liu, P. Shrestha,

D. Muirhead, N. Lavielle, B. D. Hatton and A. Bazylak, J.

Power Sources, 2017, 352, 281–290.

355 S. S. Alrwashdeh, A. M. Al-Falahat, H. Markötter and

I. Manke, Case Stud. Chem. Environ. Eng., 2022, 6, 100260.

356 A. Kato, S. Kato, S. Yamaguchi, T. Suzuki and Y. Nagai, J.

Power Sources, 2022, 521, 230951.

357 D. Kulkarni, S. J. Normile, L. G. Connolly and I. V Zenyuk,

JPhys Energy, 2020, 2, 044005.

358 R. T. White, A. Wu, M. Najm, F. P. Orno, M. Dutta and

E. Kjeang, J. Power Sources, 2017, 350, 94–102.

359 R. T. White, S. H. Eberhardt, Y. Singh, T. Haddow, M. Dutta,

F. P. Orno and E. Kjeang, Sci. Rep., 2019, 9, 1–12.

360 J. Hack, L. Rasha, P. L. Cullen, J. J. Bailey, T. P. Neville,

P. R. Shearing, N. P. Brandon and D. J. L. Brett,

Electrochim. Acta, 2020, 352, 136464.

361 D. Ramani, Y. Singh, R. T. White, M. Wegener, F. P. Orno,

M. Dutta and E. Kjeang, Int. J. Hydrogen Energy, 2020, 45,

10089–10103.

362 Y. Singh, R. T. White, M. Najm, A. Boswell, F. P. Orno,

M. Dutta and E. Kjeang, J. Electrochem. Soc., 2021, 168,

034521.

363 S. H. Eberhardt, F. Marone, M. Stampanoni, F. N. Büchi

and T. J. Schmidt, J. Synchrotron Radiat., 2014, 21, 1319–

1326.

364 S. Pollastri, M. Bogar, R. Fiala, H. Amenitsch, Y. Yakovlev,

A. Lavacchi, G. Aquilanti and V. Matolin, Int. J. Hydrogen

Energy, 2022, 47, 8799–8810.

365 Y. Cheng, J. Zhang, X. Wu, C. Tang, S. Yang, P. Su,

L. Thomsen, F. Zhao, S. Lu, J. Liu and S. P. Jiang, Nano

Energy, 2021, 80, 105534.

366 Y. Cheng, M. Wang, S. Lu, C. Tang, X. Wu, J.-P. Veder,

B. Johannessen, L. Thomsen, J. Zhang, S. Yang, S. Wang

and S. P. Jiang, Appl. Catal., B, 2021, 284, 119717.

367 Y. Ji, Y. il Cho, Y. Jeon, C. Lee, D.-H. Park and Y.-G. Shul,

Appl. Catal., B, 2017, 204, 421–429.

368 C. Roth, S. Kaserer, C. Brieger, K. M. Caldwell, J. Melke and

D. E. Ramaker, ECS Trans., 2015, 69, 147–156.

369 A. S. Leach, J. Hack, M. Amboage, S. Diaz-Moreno,

H. Huang, P. L. Cullen, M. Wilding, E. Magliocca,

T. S. Miller, C. A. Howard, D. J. L. Brett, P. R. Shearing,

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024

Journal of Materials Chemistry A Review

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

7
 M

ar
ch

 2
0
2
4
. 
D

o
w

n
lo

ad
ed

 o
n
 3

/1
2
/2

0
2
4
 2

:5
3
:4

1
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



P. F. McMillan, A. E. Russell and R. Jervis, J. Phys.:

Condens.Matter, 2021, 33, 314002.

370 H.-Y. Park, I. Y. Cha, Y.-H. Chung, M. K. Cho, S. J. Yoo,

H.-J. Kim, D. Henkensmeier, J. Y. Kim, S. W. Nam and

J. H. Jang, ECS Meet. Abstr., 2015, MA2015-01, p.1855.

371 B. F. Gomes, M. Prokop, T. Bystron, R. Loukrakpam,

J. Melke, C. M. S. Lobo, M. Fink, M. Zhu, E. Voloshina,

M. Kutter, H. Hoffmann, K. V. Yusenko, A. G. Buzanich,

B. Röder, K. Bouzek, B. Paulus and C. Roth, ACS Catal.,

2022, 12, 11472–11484.

372 Q. He, B. Shyam, M. Nishijima, D. Ramaker and

S. Mukerjee, J. Phys. Chem. C, 2013, 117, 4877–4887.

373 K. Higashi, S. Takao, G. Samjeské, H. Matsui, M. Tada,

T. Uruga and Y. Iwasawa, Phys. Chem. Chem. Phys., 2020,

22, 18919–18931.

374 H. Matsui, N. Ishiguro, Y. Tan, N. Maejima, Y. Muramoto,

T. Uruga, K. Higashi, D. Nguyen, H. Dam, G. Samjeské
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443 K. Tüber, D. Pócza and C. Hebling, J. Power Sources, 2003,

124, 403–414.

444 A. Hakenjos, H. Muenter, U. Wittstadt and C. Hebling, J.

Power Sources, 2004, 131, 213–216.

445 X. G. Yang, F. Y. Zhang, A. L. Lubawy and C. Y. Wang,

Electrochem. Solid-State Lett., 2004, 7, A408.

446 X. Liu, H. Guo and C. Ma, J. Power Sources, 2006, 156, 267–

280.

447 M. Rahimi-Esbo, A. Ramiar, A. A. Ranjbar and E. Alizadeh,

Int. J. Hydrogen Energy, 2017, 42, 11673–11688.

448 M. I. Rosli, D. J. Borman, D. B. Ingham, M. S. Ismail, L. Ma

and M. Pourkashanian, J. Fuel Cell Sci. Technol., 2010, 7, 1–

7.

449 C.-Y. Hsu and F.-B. Weng, in PEM Fuel Cell Diagnostic Tools,

CRC Press, 2011, pp. 209–227.

450 N. A. David, P. M. Wild, J. Jensen, T. Navessin and N. Djilali,

J. Electrochem. Soc., 2010, 157, B1173.

451 N. David, K. Von Schilling, P. M. Wild and N. Djilali, Int. J.

Hydrogen Energy, 2014, 39, 17638–17644.

452 Y. P. Patil, T. A. P. Seery, M. T. Shaw and R. S. Parnas, Ind.

Eng. Chem. Res., 2005, 44, 6141–6147.

453 V. Prabhakaran, C. G. Arges and V. Ramani, Proc. Natl.

Acad. Sci. U. S. A., 2012, 109, 1029–1034.

454 J. F. Botero-Cadavid, P. Wild and N. Djilali, Electrochim.

Acta, 2014, 129, 416–424.

455 C. Y. Lee, Y. C. Chiang, F. B. Weng, S. C. Li, P. H. Wu and

H. I. Yueh, Renewable Energy, 2017, 108, 126–131.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2024

Journal of Materials Chemistry A Review

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

7
 M

ar
ch

 2
0
2
4
. 
D

o
w

n
lo

ad
ed

 o
n
 3

/1
2
/2

0
2
4
 2

:5
3
:4

1
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



456 S. Wu, W. Cheng, Y. Qiu, Z. Li, S. Shuang and C. Dong, Sens.

Actuators, B, 2010, 144, 255–259.

457 O. Belhadj Miled, D. Grosso, C. Sanchez and J. Livage, J.

Phys. Chem. Solids, 2004, 65, 1751–1755.

458 J. Robinson, P. Shearing and D. Brett, J. Imaging, 2016, 2, 2.

459 L. Dubau, L. Castanheira, M. Chatenet, F. Maillard, J. Dillet,

G. Maranzana, S. Abbou, O. Lottin, G. De Moor, A. El

Kaddouri, C. Bas, L. Flandin, E. Rossinot and N. Caqué,
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