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Recent progress of antipoisoning catalytic
materials for high temperature proton exchange
membrane fuel cells doped with phosphoric acid

Dongping Xue and Jia-Nan Zhang ®*

High-temperature proton exchange membrane fuel cells (HT-PEMFCs) have the unique advantages of fast
electrode reaction kinetics, high CO tolerance, and simple water and thermal management at their
operating temperature (120-300 °C), which can effectively solve the hydrogen source problem and help
achieve the dual-carbon goal. The catalysts in HT-PEMFCs are mainly Pt-based catalysts, which have good
catalytic activity in the oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR). However,
in HT-PEMFCs, the high load of platinum-based catalysts to alleviate the limitation of strong adsorption of
phosphoric acid (PA) on the platinum surface on activity expression leads to high cost, insufficient activity,
decreased activity under long-term operation and carrier corrosion. The present review mainly summarizes
the latest research progress of HT-PEMFCs catalysts, systematically analyzes the application of precious
metal and non-precious metal catalysts in HT-PEMFCs, and unveils the structure-activity relationship and
anti-PA poisoning mechanism. The current challenges and opportunities faced by HT-PEMFCs are
discussed, as well as possible future solutions. It is believed that this review can provide some inspiration
for the future development of high-performance HT-PEMFC catalysts.

Keywords: High-temperature proton exchange membrane fuel cells; Cathodic oxygen reduction; Anti-
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1 Introduction
A fuel cell is an electrochemical energy device that converts
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conversion efficiency, and low environmental pollution, and
can be widely used in portable power supplies and electric
vehicles.”™ Therefore, the development of fuel cell
technology is of great social significance to solve energy and
environmental problems. The high-temperature proton
exchange membrane fuel cell (HT-PEMFC), with an operating
temperature of 120-300 °C, uses a phosphoric acid (PA)
doped polymer material as the high-temperature membrane,
overcoming the problems existing in the traditional low-
temperature proton exchange membrane fuel cell (LT-
PEMFCs =~ 70-95 °C)>7 as follows: 1) accelerating the
reaction kinetics with the assistance of thermo-electric
coupling; 2) simplifying the thermal and water management
because the high-temperature system has no liquid and thus
providing high system utilization; 3) increasing the tolerance
of the electrocatalyst to poisonous gases, which means that
the reformed gas can be directly used as fuel for HT-PEMFCs.
However, there are still some challenges associated with HT-
PEMFCs, such as possible corrosion, mechanical failure of
the bipolar plates, and degradation of the catalyst/catalyst
support, catalyst layer and proton exchange membrane (PEM)
at high-temperature,’ as well as insufficient heating
strategies to achieve and maintain the high operating
temperature for long-term functioning of HT-PEMFC stacks.’
More importantly, in PA-doped PEM, PA molecules exist in
the network structure of polymer chains in two forms: bound
and free.'®"" The bound form of PA is anchored around the
polymer chain by strong hydrogen bonding, while the free
form of PA has weak interactions with polymer molecules,
mainly forming a hydrogen bonding network between PA
molecules, which is the main mode of proton transfer.'>**
Therefore, higher free PA doping can achieve higher proton
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conductivity. However, PA is distributed and migrated within
the electrolyte membrane electrode assembly (MEA) by
various factors. As shown in Fig. 1, during the operation of
the cell, PA in the membrane is driven by current, and the
H,PO, hydrolyzed by PA migrates from the membrane to the
anode and reacts with hydrogen ions on the anode side to
form PA, thereby increasing the anode PA content.'>"®
Subsequently, due to the concentration gradient difference,
PA diffuses to the cathode and combines with the cathode
product water to form H,PO, . This cycle promotes the
redistribution of PA in the catalytic layer, resulting in the
phenomenon of “acid flooding™ in the catalytic layer."”"® In
addition, a large number of PA and PA dissociated ions
occupy the active sites of the platinum catalyst. The material
transport resistance in the catalytic layer increases and the
reaction kinetics is slow, which seriously hinders the large-
scale commercialization of HT-PEMFCs.'® Therefore, it is
necessary and economically desirable to develop
electrocatalysts with high efficiency, durability, and high PA
tolerance in HT-PEMFCs.

In hydrogen fuel cells, the hydrogen oxidation and oxygen
reduction processes on the electrode are mainly controlled by
the catalyst. Catalysts can significantly reduce the activation
energy of a chemical reaction and change the rate of the
chemical reaction.” The catalyst is the main factor affecting
the activation and polarization of hydrogen fuel cells. It is
regarded as the key material of hydrogen fuel cells and
determines the performance and use economy of hydrogen
fuel cell vehicles.*" In the reaction process of hydrogen fuel
cells, the anode HOR reaction is a fast kinetic process, while
the cathode ORR reaction is more complex, involving the
multi-step gain and loss of electrons and the transfer of
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Fig. 1 Distribution and migration of phosphoric acid in membrane electrode.
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coupled protons, which is a slow kinetic process. Compared
with HOR, ORR is 6 orders of magnitude slower, so ORR is
considered to be one of the major performance limiting
factors in HT-PEMFCs as well as LT-PEMFCs. Compared to
LT-PEMFCs, a larger amount of precious metal is needed to
overcome the negative effect of PA existence in HT-PEMFCs.
This is why developing ORR catalysts has been the major
effort in PEMFC studies during the last two decades.”**
Overall, developing catalysts with low cost, high performance,
and excellent durability is the main goal of the commercial
application of HT-PEMFC. According to the Sabatier
principle, there is a typical volcanic curve relationship
between the catalytic activity of ORR and different transition
metals. Platinum (Pt) is located at the top of the volcano and
has the best ORR activity (Fig. 2), which is also the reason
why Pt/C catalysts can be commercialized at present.>>>®
However, Pt resources are scarce and expensive, resulting in
the cost of the catalyst accounting for a large part of the
overall cost of the fuel cell system. In addition, the Pt/C
catalyst under fuel cell conditions has Ostwald ripening,
carbon carrier corrosion and other problems, which are more
severe in HT-PEMFCs and seriously affect the service life.>”
Therefore, how to reduce the Pt load while solving the
problems of slow cathode ORR kinetics and PA poisoning
plays a vital role in reducing the catalyst cost of HT-
PEMFCs.*>?®

In order to make up for the shortcomings of Pt/C catalysts
and achieve the above goals, novel and effective catalysts
have been gradually developed in the research of catalysts for
HT-PEMFCs. Adding another element to Pt nanoparticles to
adjust the electronic structure of Pt nanoparticles, alloying Pt
with other metals, or constructing core-shell structures are
optimization strategies to overcome the lack of activity and
stability.>>***° On the other hand, researchers are committed
to finding cheap metal catalysts that can replace Pt group
metals. Among these, single atom catalysts (SACs) have
attracted widespread attention due to their atomic
dispersion, high atomic utilization, and comparable activity
with traditional metal particle catalysts.*® Transition metal
based SACs have better ORR catalytic activity and lower cost,
and are a potential substitute for Pt-based ORR catalysts in

0o 1 2
Eo (eV)
Fig. 2 Trends in oxygen reduction activity (defined in the text) plotted

as a function of the oxygen binding energy. Reprinted with permission
from ref. 26. Copyright 2004, American Chemical Society.
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fuel cells.*" However, the stability of SACs and the dissolution
of metal sites still need to be addressed urgently. In addition,
previous studies have shown that, based on the concept of
the third layer of zeolite effect, the design and synthesis of
some organic molecules containing cyanide ions, melamine
and sulfhydryl groups as barrier materials can effectively
prevent the poison effect of phosphate anions in HT-
PEMFCs.*>**  However, in high-temperature operating
systems, chemically modified organic molecules may detach
from the surface of metal nanoparticles. Therefore, from a
practical application perspective, it is difficult to maintain
the zeolite effect during long-term operation of HT-PEMFCs.

Herein, we present a critical review on the research and
development of the anti-phosphate poisoning effect of
catalysts for ORR, with a focus on the mechanistic
understanding of anti-phosphate poisoning from both the
experimental and theoretical perspectives, elucidation of the
structure-property relationship, and strategic improvement
of the catalytic activity/selectivity/durability for applications
in practical HT-PEMFCs. Fig. 3 displays the main types of
catalysts used in HT-PEMFCs.

2 Cathode catalysts for HT-PEMFCs

For an effective ORR catalyst, high activity and durability can
be achieved by optimizing structural engineering with
nanostructures, alloying, intercalating, and confining of
active elements or compounds in the desired materials,
which should have favorable composition and defects as the
catalyst support. The ORR catalysts (Pt based catalysts and
non-precious metal-based catalysts) applied to HT-PEMFC
will be discussed in detail in the following sections.

2.1 Precious metal catalysts

The four electron ORR pathway can be carried out through
several mechanisms (Fig. 4). The direct four electron
mechanism can essentially be dissociative or associative,
depending on the oxygen dissociation barrier on the catalyst
surface. The indirect four electron mechanism first involves
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I
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Fig. 3 Schematic illustration of the direct four-electron ORR pathway.
The red and blue arrows represent the associative and dissociative
pathways, respectively. The purple arrows represent the reactions that
take place in both pathways.
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Fig. 4 The main types of catalysts used in HT-PEMFCs.

the two electron pathway of hydrogen peroxide, which is
further reduced to H,0.** Nerskov et al established a
volcanic map related to theoretical ORR activity and AE,, as
shown in Fig. 2.°° For metals that bind too strongly to
oxygen, their activity is limited by the transfer of proton
electrons to O* or OH*. On the other hand, for metals that
are too weakly bound to oxygen, their activity is limited by
proton electron transfer to O3 (association mechanism) or
0O-0O bond splitting in O, (dissociation mechanism). Pt is
located near the top of the volcanic curve, with the best ORR
catalytic activity, but there is still some room for
improvement. Reducing the binding energy between the
intermediate and Pt by approximately 0.2 eV can further
enhance the activity. Furthermore, Norskov et al. proposed
the d-band center theory based on the relationship between
the d-band centers of metals and the binding energy of
adsorbents on metals.>> The level of the d-band center
determines the degree to which the anti-bond band is filled
by electrons and thus determines the stability and strength
of the adsorption bond. The downward shift of the d-band
center of Pt relative to the Fermi level can weaken the
binding between ORR intermediates and metal surfaces,
thereby improving the catalytic activity of ORR.*® In
summary, finding a method to reduce the d-band center of
Pt will further enhance the catalytic activity of ORR, reduce
ORR overpotential, and lead to weaker adsorption of
phosphorus anions and hydroxide anions.

The adsorption of phosphate anions on Pt presents an
additional complication in the sense that PA has polyprotic
properties with three proton dissociation constants. Thus,
the species and mode of phosphate anion adsorption on Pt is
highly dependent not only on the pH, but also on the
potential, the morphology and crystal orientation of the Pt,
and so on.*”*® Tanaka et al. proposed that phosphate anions
adsorb three oxygen atoms on a Pt(111) surface in a 3-fold
site, but only one or two oxygen atoms on Pt(100) and Pt(110)
surfaces.®® This is consistent with the most pronounced
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poisoning effect by phosphate anions observed on Pt(111)
surfaces, as compared to those on Pt(100) and Pt(110)
surfaces.”® Based on the above results, it is reasonable to
deduce that the adsorption of phosphate anions on Pt could
be suppressed in part by altering the crystalline facets on the
surface. Chen et al. found that Pt(111)Sn has the tendency to
mitigate anion adsorption on Pt in acid media by freeing
more active sites via an apparent electronic or ligand effect.*’
These findings also demonstrate that introducing the second
type of element may help release Pt sites from phosphate
anions, thereby improving ORR performance. Mukerjee et al.
used in situ X-ray absorption Au technology to analyze the
adsorption coverage and phosphate anion adsorption sites
on the surface of Pt and PtNi alloys to understand the role
and mechanism of phosphate anion poisoning in ORR.*! It
has been found that 1/4 of the surface sites are occupied by
Ni on PtNi, which lowers the number of “pure” 3-fold Pt sites
on the surface. Rotating disc electrode (RDE) experiments
show a smaller shift of the half-wave potential in the ORR
polarization curves for PtNi/C than for Pt/C upon adding
H3PO, into 0.1 M HCIO, solution (Fig. 5a and b). On the
surface of the Pt-Ni catalyst, due to the low sensitivity of the
Pt-Ni catalyst to H,PO, ion poisoning, OH* blocks ORR, the
phosphate lateral interactions keep OH* off the surface and
more sites are available for the ORR (Fig. 5c¢c and d).
Intermetals with the same composition as alloys but an
ordered structure exhibit high activity and robust stability,
but their active expression is still limited in the presence of
PA. Therefore, additional adjustment is essential for Pt-based
catalysts to maintain good activity and robust stability in the
PA environment. Strain engineering, such as compressive or
tensile strain generated by lattice mismatch with different
structures or components, can accelerate the reaction
kinetics by regulating the d-band center of metal-based
materials and altering the binding energies toward
adsorbates.*>** Wang et al. used a small amount of Cu as a
doping agent to enhance HT-PEMFC for the first time and
improved the phosphate resistance of PtFe ordered
intermetallic alloys through a doping modulation strain
strategy.** This Cu doping facilitates the formation of
compressive strain in PtFe crystals, altering the electronic
structure of the electrocatalysts and then weakening the
adsorption energy between PA and the Pt surfaces, and
consequently improving the HT-PEMFC performance
(Fig. 6a-c). As a result, the Cu-PtFe/NC electrocatalysts
display outstanding performance (793.5 mW cm ) with a low
Pt loading of 0.5 mgp, cm™ in HT-PEMFC and deliver a
current density of 0.2 A cm™ at 0.7 V for at least 100 h
(Fig. 6d and e). This study provides a novel and general
method for regulating the phosphate adsorption behavior on
the Pt surface in HT-PEMFCs to fine-design efficient and
robust electrocatalysts through lattice strain.

Commercial Pt/C catalysts consist of Pt nanoparticles and
carbon supports. Carbon materials usually have a large
specific surface area, good conductivity, and abundant
loading sites which can load a large amount of metals
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Fig. 5 Disk current density (based on the geometric area of the electrode) obtained during ORR on (a) Pt/C and (b) PtNi/C; (c) experimental Au
spectra for Pt/C and PtNi/C taken at 0.54 V in 0.1 M HClO,4 with addition of various amounts of HzPO,4 and concentrated H3zPO,, (d) Ax XANES
spectra obtained with Pt/C and PtNi at the Pt L; edge in 0.1 M HCIO,4 and 100 mM HzPO, at the different potentials indicated. Reprinted with

permission from ref. 41. Copyright 2013, American Chemical Society.
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without agglomeration. However, the harsh working
conditions, high potential, continuous oxygen introduction,
and strong acid environment of fuel cells inevitably result in
carbon corrosion during long-term operation. Therefore,
under harsh fuel cell conditions, using more stable and
durable carriers will better improve the catalytic activity of Pt
based catalysts. In addition, special modifications to carbon
supports will affect the application prospects of Pt
nanoparticles (NPs) and also enhance their stability. Silica
(Si0,), although it is inactive for ORR, is well known for
strong H-bonding capability to acids, which is beneficial to
prevent acid leaching and improve stability.">*® Based on
this, Huang et al. prepared CNT@SiO,-Pt cathode catalysts
by modifying carbon nanotubes with SiO, and further
loading Pt NPs.”” The strong adsorption of the phosphate
ions on the SiO, of CNT@SiO,-Pt relieved the phosphate
poisoning on Pt, promoted the uniform distribution of PA in
the catalytic layer and provided proton chains to assist the

View Article Online
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ORR in the HT-PEMFCs (Fig. 7a and b). CNT@SiO,-Pt
cathode catalysts exhibited high activity for ORR and superior
power densities of 765 mW cm > (H,/O,) and 486 mW cm >
(Hy/air) without back pressure at 160 °C for HT-PEMFCs
(Fig. 7c and d). More importantly, due to the limiting effect
of SiO,, the aggregation of Pt NPs is prevented, and they
operate stably at a current density of 200 mA cm™> (Fig. 7e).
In order to further explore the role of SiO,, the influence of
phosphate ions on ORR activity was evaluated in 0.1 M HCIO,
electrolyte with the addition of 0.1 M H;PO,. The commercial
Pt/C showed a serious poisoning effect, and the E;,
negatively shifted by 60 mV after the addition of 0.1 M
H;PO,. In the case of CNT@SiO,-Pt, the results revealed that
the E;,, only shifted negatively by 31 mV with the addition of
0.1 M PA, indicating that the resistance to phosphate
poisoning was enhanced due to the presence of SiO, (Fig. 7f-
h). Jung et al. reasonably designed Pt-based NPs wrapped in
ultra-thin carbon shells as an anti-poisoning catalyst for
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Fig. 7 (a) Single cell and CNT@SiO,-Pt in the catalytic layer of HT-PEMFCs; (b) HR-TEM image of CNT@SiO,-Pt (inset: HRTEM image of

CNT@SiO,-Pt); (c and d) polarization and power density curves; (e) potential response of a 100 h HT-PEMFCs life test; (f) ORR polarization curves
of CNT@SiO,-Pt; cyclic voltammograms of (g) JIM-Pt/C and (h) CNT@SiO,-Pt in N,-saturated electrolyte. Reprinted with permission from ref. 47.
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permission from ref. 48. Copyright 2023, John Wiley & Sons.

molecular sieve layers (Fig. 8a).*® The pore structure of the
carbon shells is systematically regulated at the atomic level
by high-temperature gas treatment, allowing O, molecules to
selectively react on the active sites of the metal NPs through
the molecular sieves. The ORR activity of Pt and Pt;Fe; alloy
NPs encapsulated in the carbon molecular sieve layer with
controllable structure was significantly improved in PA
solution (Fig. 8b and c).

More importantly, the carbon shell serves as a protective
layer which can effectively prevent the dissolution of metals
in the catalyst during long-term operation. It is believed that
the carbon shell packaging strategy will provide insights into
the design of Pt-based catalysts for high-performance HT-
PEMFCs. Phosphide-based compounds show better stability
in acidic electrolytes and possess abundant valence electrons
compared to transition metal compounds. The combination
of Pt with heteroatoms such as P can thus offer a promising
approach towards improving the stability and activity of

© 2024 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

electrocatalysts.”” ' For example, Wang et al. synthesized

controllable sized monodispersed PtP, NPs on nitrogen and
phosphorus doped carbon (NPC) using a combination of the
template and pyrolysis methods and verified their self-
conversion process as core-shell Pt/PtP, with a thin Pt
surface (~1 nm) as an effective ORR catalyst.”> However, the
application of phosphides in HT-PEMFCs is extremely rare.
Recently, Yu et al. prepared a Pt-based phosphide catalyst
using trioctylphosphine (TOP) as a phosphorus source in the
presence of Ketjen black (KB) carbon and applied the PtP,-
based catalyst to the HT-PEMFC cathode for the first time
(Fig. 9a).® The prepared catalyst exhibits excellent activity
and stability under harsh H3;PO, conditions (Fig. 9b and c).
In addition, the catalyst structure of phosphorylation also
reduces the oxidation of carbon carriers, ultimately helping
to maintain the activity of PtP,/C-based catalysts. Density
functional theory (DFT) calculations have found that this is
due to the self-oligomerization effect of surface-bound
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(a) TEM image of PtP2/C-800 electrocatalysts, the inserted bar graph shows the PtP2 particle size distribution along with the average PtP2 particle

size. (al) HR-TEM image. (a2) FFT patterns of the area enclosed in the red square in (al). (a5) HAADF images and the corresponding EDX images of (al). (a3
and a4) Inverse FFT images of the area enclosed in the red square in (al), where (a3) shows the distribution of 220 planes while (a4) shows the presence of
200 planes. (b) Mass and specific activity profiles; (c) long-term durability tests of PtP2/C-800; (d) free energy diagram for the ORR on four different active
site models constructed from the (111) surfaces. Reprinted with permission from ref. 53. Copyright 2023, Royal Society of Chemistry.

phosphorus oxide clusters acting as a phosphate reservoir,
thus leaving Pt sites effectively untouched (Fig. 9d).
Therefore, to improve the market penetration of HT-PEMFCs,
developing a cathode catalyst that can maintain stability in
H;PO, electrolyte and sufficient activity in ORR is one of the
key issues to be addressed in the future.

Recently, another strategy to inhibit the adsorption of
phosphate anions has been proposed which involves pre-
adsorption of CN™ and other molecules on Pt surfaces, which
reduces the availability of triple sites on the Pt surface,
thereby inhibiting the adsorption of phosphate anions. This
is called the “third-body effect”.”* Markovié¢ et al. used the
molecular patterning of Pt(111) to develop new concepts for
designing ORR catalysts in environments containing strongly
adsorbing  phosphoric and  sulfuric acid anions
(Fig. 10a and b).>> The results confirm that the CN.q
molecules can block the sites for adsorption of covalently
bonded spectator sulfuric/phosphoric anions but still provide
a sufficient number of free Pt sites first to chemisorb the O,
molecule and then to break the O-O bond. Therefore, it is
concluded that the adsorption of sulfuric acid and phosphate
anions on Pt(111)-CN,q is almost completely inhibited by the
so-called third body effect. Although the present paper is
centered on the Pt(111) surface modified by CN,g,
fundamental and practical applications go well beyond this
system, and should be extremely helpful in the quest to find
new directions in designing electrochemical interfaces that
can bind selectively reactive and spectator molecules.
According to reports, in addition to serving as a third party,
electron donating pre-adsorbents can also modify the

180 | /nd. Chem. Mater., 2024, 2,173-190

electronic structure of Pt in Pt alloys, thereby improving the
catalytic activity.*>** Among them, oleamine (OA) modified
catalyst with a surface coverage of up to 30% of N atom can

PL(111)

8 -on

Density of state

Fig. 10 (a) On Pt(111) covered by phosphoric/sulfuric acid anions, O,
can access the surface's atoms only through a small number of holes
in the adsorbate anion adlayer; (b) the number of holes required for O,
adsorption is significantly increased on the Pt(111)-CN,q surface
because adsorption of phosphoric/sulfuric acid anions is suppressed
by the CN adlayer so that the total CN,4/OH,4 coverage is lower than
the coverage by sulfuric or phosphoric acid anions. Reprinted with
permission from ref. 55 Copyright 2010, Springer Nature. (c and d)
Schematic presentation of tailoring the d-band structure by surface-
capping organic molecules. Reprinted with permission from ref. 56.
Copyright 2013, American Chemical Society.
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supply electrons to the metal active center by taking
advantage of the characteristic that the amine functional
group can easily bind to Pt. Chung et al. reported that, when
commercial Pt/C catalysts were modified, the electronic
structure of the Pt NPs was altered, ie., the d-band center
was downshifted, to provide significantly enhanced ORR
activity (Fig. 10c and d).>® In addition, when HzPO, was
added to the electrolyte solution, the OA-adsorbed Pt/C
showed enhanced ORR activity retention (up to 71%)
compared to the untreated Pt/C (47%) which can be ascribed
to the third-body effect of the adsorbed OA molecules
blocking phosphate anions. Therefore, the third-body effect,
which has been studied at the half cell level, is expected to
be utilized to enhance the cell performances of practical HT-
PEMFC.

In summary, by alloying Pt metal with other metals and
appropriately changing the carbon carrier, the problems
related to Pt-based catalysts can be solved to a certain extent.
In particular, the activity and durability of Pt-based catalysts
in PA-doped HT-PEMFCs can be well maintained by carbon
coating or heteroatom doping. In addition, the modification

Fig. 11
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of the catalyst layer structure may be an important and
beneficial factor in reducing Pt loading on the cathode and
enhancing resistance to PA poisoning.

2.2 Non-precious metal catalysts

Due to the scarcity and high price of Pt-group metals, as well
as the poisoning effect of the phosphate anion of PA/PBI-
based membranes on Pt-based catalysts in HT-PEMFC, low-
cost, resource-rich and easy to prepare non-precious metal
catalysts have received special attention in the past decades.
Non-precious metal catalysts have been extensively studied in
LT-PEMFC, such as transition metals (mainly Fe and/or Co)
loaded on doped carbon (M-N/C), exhibiting comparable
performance to Pt/C catalysts. Particularly, the Fe-N-C
catalyst exhibits activity close to that of Pt in acidic
electrolytes and exhibits encouraging performance in LT-
PEMFC.>*® Wu et al introduced iron containing species
during aniline polymerization on the carbon black surface
and then synthesized Fe and N co-doped Fe-N-C catalyst by
high temperature pyrolysis under Ar + NH; atmosphere and

—— Pt/IC (20 pg cm?)
—— Pt/C (60 ug cm-)
PANI-Fe-KJ

PR T—

5.0 M H,PO, -

0.4 0.6 0.8
Potential vs. RHE (V)

1.0

Fe

400 500

eV

600 700 800

(a) TEM image; (b) ADF-STEM of graphene sheet and (c) associated EEL spectra showing the presence of single Fe atoms on the surface of

graphene; (d) comparison of ORR activity. Reprinted with permission from ref. 57. Copyright 2014, American Chemical Society.
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acid leaching to the mixture of Fe species and polyaniline.”
The as synthesized Fe-N-C catalyst exhibited good ORR
catalytic activity and stability in acid electrolyte and fuel cell,
but an inferior performance when compared to Pt catalyst.
Moreover, the low density of active sites, insufficient stability,
and poor three-phase interface within the cathode are still
significant challenges faced by these M-N-C catalysts, and
these issues are more prominent in HT-PEMFC. To the best
of our knowledge, only a few reports have been published in
this regard, and most of them include Fe-containing
materials. Hu et al affirmed the strong adsorption and
poisoning effect of perchloric ions on ORR activity during the
Fe-N-C based catalyst evaluation in dilute perchloric acid
which is usually used in fuel cell catalyst development, but
they found a negligible poisoning effect of phosphate anions
when PA was used as the solution to evaluate the
performance.®® Accordingly, it was concluded that Fe-N-C
could be used in HT-PEMFCs as a catalyst if a PA doped
polybenzimidazole (PBI) membrane was employed. Zelenay
et al., using polyaniline (PANI), iron and carbon as raw
materials, synthesized a catalyst (PANI-Fe-C) with a high
surface area (845 m® g') by high-temperature method
(Fig. 11a-c).>” Electrochemical tests show that the prepared
PANI-Fe-C catalyst can withstand high concentrations of
phosphate ions and has better ORR performance than Pt/C
catalyst at 5.0 M H3PO, (Fig. 11d). However, the performance
achieved by this catalyst is still in low-temperature acidic
electrolyte, and further research is needed to replace the Pt/C
catalyst in PA doped HT-PEMFC. Atanassov et al. synthesized

Cl HO— 3+ °
\Fe—CI + N onAlkaline solution “z° l onz g
/ SR) e | 0» .

cl ) mixing for 1h | (o ©
FeCl, EDTA 2

%
..

Fig. 12
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iron-nitrogen-carbon (Fe-N-C) electrocatalysts using a
sacrificial support method and discussed their performance
for HT-PEMFC for the first time.*!

Yu et al. for the first time prepared by simple pyrolysis
highly microporous and mesoporous Fe-N-C catalysts, which
are organometallic ethylenediamine tetraacetic acid (EDTA)-
Fe complexes prepared from different mass ratios of iron salts
and EDTA (Fig. 12a).°® It is found that Fe exists mainly in the
form of single atoms, and Fe particles also exist on the
N-doped carbon support (Fig. 12b). The prepared single atom
Fe catalyst was tested as an ORR electrocatalyst in HT-PEMFC,
and the optimized catalyst had a peak power density of 260
mW cm? and a current density of 1260 mA cm™> at 0.2 V
(Fig. 12¢). This high performance may be related to the high
porosity, the presence of highly efficient active sites
associated with monatomic Fe-N,, and the immunity of the
iron-nitrogen catalyst to phosphate adsorption in the
extremely harsh fuel cell operating environment. The
synthesis of Fe single atoms, which usually involves the
pyrolysis of inorganic iron salts, carbon and nitrogen
precursors, has been extensively studied.®*"®® However, the
loadings of Fe single atom catalysts reported to date are low,
less than 2%, and, although considerable efforts have been
invested to increase the loadings of Fe single atoms, the
results are not satisfactory.®®®” Improving the loading
capacity of Fe single atoms is the ultimate goal of the practical
application of non-precious metal catalysts in PEMFCs, and it
is also one of the major challenges in this field. Cheng et al
prepared Fe single atoms loaded on highly conductive carbon
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(a) Schematic illustration of synthesis process for EDTA-Fe complex-based catalyst; (b) HAADF-STEM image of LEDFes-NH3; (c) single-cell

performance of HT-PEMFC at 1.5 bar O, pressure and 150 °C cell temperature. Reprinted with permission from ref. 62. Copyright 2014, American

Chemical Society.
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Fig. 13 (a) Scheme for FeCu-N-CNTs synthesis; (b) AC-STEM; (c) polarization and power density curves of PA/PBI composite membrane cells
using FeCu(1:0) and FeCu(4:1) cathodes at 160 and 230 °C. Reprinted with permission from ref. 69. Copyright 2021, Royal Society of Chemistry.

nanotubes (Fe SA) by simply annealing the carbon nitrogen
precursor with hemin porcine (HP).®® The Fe SA exhibits a
Ei, of 0.80 V, 27 mV more positive than that of Pt/C in 0.2 M
H3;PO, + 0.1 M HCIO, electrolyte due to its high phosphate
resistance ability. The suitability of the synthesized Fe SA
catalyst as a cathode was demonstrated in a HT-PEMFC using
hydrogen as a fuel, with a peak power density of 266 mW
em™ and excellent stability at 240 °C. This method provides a
simple and practical way for the development of highly
efficient HT-PEMFC non-precious metal catalysts. Wang et al.
developed a bimetallic FeCu electrocatalyst coordinated with
atomically dispersed nitrogen doped carbon nanotubes
(FeCu/N-CNTs) using a similar method (Fig. 13a and b).*® The

© 2024 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

peak power density of HT-PEMFC using FeCu/N-CNTs as the
cathode at 230 °C is 302 mW cm 2, which is similar to that
using Pt/C electrocatalyst (1 mgp, cm™?) (Fig. 13c), but with
much better stability. Compared with the phosphate
poisoning caused by Pt/C, the PA activity of FeCu/N-CNTs is
enhanced. DFT calculations indicate that the phosphate
promoting effect is due to the stronger binding of phosphate
at the Cu site, which reduces the activation energy barrier for
O, double bond cleavage and provides local protons,
promoting the ORR of proton coupled electron transfer. Jiang
et al. developed a high loading Fe single atom graphene
catalyst (FeSA-G) using a one pot pyrolysis method
(Fig. 14a and b).”° The activity of the synthesized FeSA-G in
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Reprinted with permission from ref. 70. Copyright 2019, John Wiley & Sons.

the acidic electrolyte is similar to that of the Pt/C catalyst, but
it has higher stability and greater phosphate anion tolerance
(Fig. 14c). High temperature SiO, nanoparticle-doped
phosphoric acid/polybenzimidazole (PA/PBI/SiO,) composite
membrane cells utilizing a FeSA-G cathode with Fe SAC
loading of 0.3 mg cm™ deliver a peak power density of 325
mW cm 2 at 230 °C, better than the 313 mW cm 2 obtained in
the cell with a Pt/C cathode at a Pt loading of 1 mg em™>
(Fig. 14d and e). The cell with the FeSA-G cathode exhibits
superior stability at 230 °C compared to the Pt/C cathode
(Fig. 14f). The performance of this FeSA-G catalyst is one of
the highest reported for non noble metal catalysts used as
cathodes for HT-PEMFC to date. Fe-based catalysts are still
the most widely studied transition metal catalyst for high
temperature fuel cells. In addition, very few Co-based catalysts
are used to improve the anti-phosphoric acid poisoning effect
of HT-PEMFCs to obtain excellent catalytic performance. Eren
et al. prepared a Co-N-C catalyst by surface modification of
MWCNTs and confirmed the existence of a CoN/Co-N-C
complex from the high-resolution analytical surface
characterization. The results of the HT-PEMFCs single cell
test show that the performances of CON/MWCNT are superior
to those of commercial Pt/C as cathode at 150 and 160 °C.”"

The above results and discussion indicate that there is
still much room for improvement in the development of non-
precious metal ORR catalysts for HT-PEMFC. Therefore, a
great deal of research work is required to develop high-
performance non-precious metal catalysts with a view to
replacing commercially available Pt-based catalysts.

184 | /nd. Chem. Mater., 2024, 2, 173-190

3 High-temperature rotating disk
electrode study of catalysts in
phosphoric acid

Since the catalyst is evaluated directly in the MEA, the

catalyst load, electrode structure, test conditions, PA
distribution and other factors affect the cell
performance.”>”® In order to understand the inherent

activity of catalysts, it is necessary to conduct half cell
research.”* The rotating disk electrode (RDE) system and
electrochemistry work station can evaluate the ORR activity
of different catalysts in liquid electrolyte. This method can
avoid the uncertain factors during the fuel cell assembly
and testing and provide the possibility for comparing
different catalysts under the same conditions. The RDE
method of dilute PA solution (1 mM-5 M) at room
temperature (RT) is an effective strategy to study the effect
of PA on catalyst activity.*®> However, the PA
concentrations used in these studies were much lower than
those in HT-PEMFC electrodes (~18 M, 95.5 wt%).
Although phosphate adsorption strength was found to be
comparable to sulfate adsorption on Pt(111),*® the higher
concentration and higher mobility of H;PO, than Nafion
ionomer in the catalyst layer resulted in more significant
suppression of reaction kinetics. What's more, HT-PEMFC
may adsorb phosphate and oxygen differently at room
temperature than at actual operating temperature. Some
improved half-cell devices have been developed in the past,
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including high temperature rotating disk electrodes,”®
pressurized rotating disk electrodes,”® flow cells,”” etc. By
studying the ORR of Pt-based catalysts in PA, the basic
principles of temperature effect, pressure effect, Tafel slope
and transfer coefficient have been discussed. For example,
in order to solve the problem that O, has low solubility and
slow diffusion in hot concentrated phosphoric acid and the
diffusion resistance can no longer be compensated by the
Koutecky-Levich equation, Fleige et al. skilfully developed a
pressurized RDE setup to increase the oxygen solubility and
diffusion rate in electrolytes, which was an effective strategy
but increased the complexity of the measurement and
encountered the issue of unstable reference electrode
potentials under a pressurized environment.”® The fuel cell
gas diffusion electrode is a porous structure with optimized
pore size distribution and wetting characteristics. Using gas
diffusion electrodes in electrochemical half-cells to
characterize the activity of catalysts is attractive under
conditions close to the actual operation of fuel cells. Zalitis
et al. introduced a floating electrode design with a thin
catalyst layer, whereby the catalyst activity was measured
with efficient mass transport in 4.0 M HClO,.”° Hu et al
designed and constructed a half cell device to measure the
inherent activity of the catalyst for oxygen reduction
reaction (ORR) under conditions close to those of the HT-
PEMFC cathode (Fig. 15a and b).”” By optimizing the
hydrophobic characteristics of the electrode and the
thickness of the catalyst layer, the catalytic activity of ORR
catalysts can be quickly evaluated, and the ORR activity of
typical Pt/C catalysts has been successfully measured in
concentrated PA above 100 °C. The activity results obtained

View Article Online
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through the half-cell setup are comparable to the RDE
measurement results at room temperature and the fuel cell
test results at high temperature (Fig. 15c), demonstrating
the feasibility of this method in evaluating catalyst
performance under HT-PEMFC conditions. However, these
complex settings hinder the use of these methods in
catalyst material research. Therefore, optimizing the
detection structure to minimize the catalyst evaluation
parameters for high-temperature RDE and MEA is
imperative. Jia et al. used the HT-RDE device to study the
ORR activity of Pt based catalysts (Fig. 15d and e).*° Under
conventional electrochemical schemes, it was observed that
the reducing substance PA (H;PO;) undergoes oxidation by
H3PO, reduction during cyclic voltammetry (CV) cycles. In
order to obtain reliable ORR measurements, the testing
plan was optimized to avoid the formation of H;PO;. Then,
the author compared the ORR activity of a series of Pt
based catalysts at room temperature using a rotating disc
electrode (RT-RDE) under HClO,(aq.) and HCIO; + Hj-
PO,(aq.) conditions. By analyzing the changes in oxygen
adsorption peak area and ORR activity, the correlation
between the catalyst's resistance to H;PO, anions and the
changes in ORR activity was revealed. The enhanced ORR
kinetics on alloy catalysts were also verified in MEA, with
PtCo/C still more active than Pt/C. In addition, due to the
high operating pressure of MEA and the low PA content in
the catalyst layer, its activity is higher than that of HT-RDE.
At the same testing temperature, the difference between
HT-RDE and MEA is smaller than that between RT-RDE
and MEA (Fig. 15f and g). Since the adsorption species and
configuration of PA affect the binding energy, an in-depth
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(a) The overall cross-sectional view and (b) the structure of the working electrode and the holder; (c) ORR polarization curves of 20 wt%

Pt/C by RDE tests at room temperature in different electrolytes. Reprinted with permission from ref. 77. Copyright 2018, Elsevier. (d and e)
Schematic of the HT-RDE setup; (f) DFT calculated O* adsorption energy with/without phosphate (PA) on PtM(111)/Pt(111)skin; (g) comparison of
the ORR specific activities of Pt/C and PtCo/C. Reprinted with permission from ref. 80. Copyright 2023, American Chemical Society.
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Table 1 Summary of previously reported catalysts and their application in HT-PEMFCs

Catalysts Loading Operating temperature Condition Peak power density (mW cm™) Durability Year Ref.
Pt-MoO,~-MWCNT 0.25 mgp, cm 2 140 °C H,-0, 400 — 2010 81
SPt-OA 0.26 mgp, cm > 160 °C H,/air — 0.58 V@150 h 2015 32
Pt-Co alloy NPs 0.55 mgp; cm 2 160 °C H,-0, 640 — 2020 20
Pt-Co alloy NPs 0.55 mgp; cm ™2 160 °C H,-air 290 0.6 V@84 h 2020 20
Pt/C 1 mgp, cm 2 240 °C H,-O, 325 0.6 V@12 h 2021 68
Cu-PtFe/NC 0.5 mgp, cm > 160 °C H,-0, 793.5 0.7V@100h 2021 44
Cu-PtFe/NC 0.5 mgp, cm > 160 °C H,-air 432.6 — 2021 44
CNT@Si0,-Pt 1 mgp, cm 2 160 °C H,-0, 765 0.7V@100h 2021 47
CNT@Si0,-Pt 1 mgp, cm™> 160 °C H,-air 486 — 2021 47
CNT@Si0,-Pt 1 mgp, cm 2 220 °C H,-O, 1061 — 2021 47
PtCo/C 0.91 mgp, cm™> 160 °C H,-O, 1350 — 2023 80
FeSA-G (high loading) 0.3 mgp. cm™> 230 °C H,-0, 325 0.6 V@100 h 2019 70
LEDFe5-NH, 3.8 mgp. cm 2 150 °C H,-0, 260 — 2020 62
FeSA/HP (high density) 0.6 mggp, cm > 240 °C H,-0, 266 >0.6 V@100 h 2021 68
FeCu/N-CNTs 0.12 Mgpecy cm 2 230 °C H,-0, 302 >0.5 V@100 h 2021 69

understanding  from combining spectroscopic  and
simulation tools would be beneficial in future catalyst
research.

The widespread use of RDE technology to rapidly
characterize novel catalysts prepared from milligram
quantities of material remains important for large-scale pre-
selection of promising catalyst designs, but the catalyst must
ultimately prove its performance and durability in MEA tests,
which are very similar to real-world applications. However,
the prediction of the results obtained by RDE on the
performance of the environmental assessment system is
often only applicable to the trend, not to the absolute value.
In some cases, RDE-based assays systematically result in
measuring artifacts rather than actual catalyst properties.
The gap between these two technologies is a major barrier to
quickly integrating promising electrocatalyst designs into
actual PEM systems.

4 Summary and outlook

The commercialization and large-scale application of high-
temperature proton exchange membrane fuel cells (HT-
PEMFCs) require more durable and economical catalysts and
exchange membranes. As shown in Table 1, among the
cathode catalysts currently developed for HT-PEMFCs,
atomically dispersed transition metal catalysts have become
the most promising type of catalyst due to their abundant
sources, high atom utilization, and performance comparable
to noble metal-based catalysts. It is believed that as
researchers gain a better understanding of the catalytic
mechanism and synthesis concept of atomically dispersed
catalysts, atomically dispersed transition metal carbon-based
materials will most likely become commercial electrocatalysts
in the future. Overall, the performance of catalysts can be
improved through structural engineering, better dispersion
of catalysts, and the development of corrosion-resistant
carriers. However, the activity, durability and loading capacity
of catalysts based on Pt group metals and non-precious
metals remain challenging due to the stratification,
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degradation, and poisoning of catalysts during long-term
operation in high-temperature and PA environments. In
addition, the large-scale development and application of
catalysts for PA doped HT-PEMFCs still face the following
problems that need to be urgently addressed:

1) The evolution and degradation mechanism in the
catalytic layer of catalysts during long-term operation are still
unclear. Although non precious metal catalysts have potential
application prospects in LT-PEMFCs, their practicality in HT-
PEMEFCs still needs further research.

2) The proton conductivity of PA doped membranes
strongly depends on the level of acid doping, and the loss of
PA during operation hinders the stability of the cell.

3) HT PEMFCs have many influencing parameters and
complex microenvironments which pose challenges to
simulation experiments.

4) Lack of in situ characterization techniques to observe
membrane and catalyst changes during operation. The
redistribution of PA from the membrane to the catalyst layer
is a key step that affects cell performance but is not fully
understood by current characterization methods.

5) The HT-PEMFCs can be fed on the hydrogen produced
from alcohol steam reforming reaction without further
purification. This combination of heat reutilization can
provide a new research field for the application and
expansion of HT-PEMFCs and the use of green energy.

HT-PEMFCs have a high operating temperature and
unique microenvironment which can expand the range of
catalyst use. Some catalysts with poor activity or inability to
be used at low temperatures may exhibit interesting
phenomena in a HT-PEMFC system. During the operation of
HT-PEMFC, the heat generated by the reaction can not only
maintain the high temperature of the battery, but also serve
as a heat source for some reactions, such as alcohol
reforming reactions. Although there are many advantages to
raising the temperature of PEMFCs to more than 100 °C,
there are many challenges for both the catalyst and the entire
system to fully understand the mechanism of PA-doped HT-
PEMFCs. Combining theoretical simulation with advanced in
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situ characterization techniques to design and manufacture
efficient  catalysts can  effectively accelerate the
commercialization process of HT-PEMFCs.
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