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Coupling renewable electricity with proton exchange membrane water electrolysis (PEMWE) technology
to generate decarbonized "green hydrogen” is a key route for the international “carbon neutrality”
target. Large-scale applications of PEMWE hydrogen production technology urgently demands low-cost,
efficient, and robust anode catalysts, which are competent to industrial requirements. In this review, the
developments and status of anode catalysts for PEMWE are systematically summarized. We start by
introducing the stack structure and principle of the PEM electrolyzer, mechanism of oxygen evolution
reaction (OER) in acid, and activity—stability trade-off of anode catalysts. Then, an overview of reported
anode materials, such as Ir-based catalysts, Ru-based catalysts, and noble-metal-free catalysts, is
provided. Considering the fact that the superior activity and stability of anode catalysts evaluated in the
laboratory are rarely rendered to high performance under industrial conditions, we discuss the inherent
reasons for the discrepancy in performance between the two test systems, i.e., the three-electrode cell
set-up and PEM electrolyzer. Subsequently, the strategies for designing viable anode catalysts as well as
intermediate assessment methods for narrowing the gap between efficient anode materials and high-
performance PEM electrolyzers are provided. Finally, we explore the future direction of developing
viable anode catalysts for PEMWE hydrogen production technology.

1 Introduction

In recent years, the consumption of fossil energy and emission
of greenhouse gases (e.g., CO,) have aggravated energy crisis,
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based electrocatalysts in proton catalysts, especially the appli-
exchange  membrane  water cation of membrane electrode assemblies with low iridium
electrolyzer applications. loading in proton exchange membrane water electrolyzers.
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Fig. 1 Development timeline infographic of PEMWE.

energy system no longer meets the demands of sustainable
development. Thus, more than 130 countries and regions in the
world have developed the ‘“carbon neutrality’” consensus with
the mission to achieve conversion from carbon-based fossil
fuels to clean energy."” Hydrogen (H,), benefiting from its high
calorific value, high energy density, abundant resources, and
environmental friendliness, is considered as the hopeful energy
to alleviate the energy and climate issues.>> However, global
hydrogen energy is currently dominated by ‘“‘gray hydrogen”
produced from fossil fuels, which diverges from the original
intention of netzero emissions.®” A real clean energy system
can be built by coupling renewable electricity with water
electrolysis to produce decarbonized ‘“green hydrogen’’, which
is recognized as the future direction of the global hydrogen
energy industry.®’
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Among the mainstream water electrolysis technologies, pro-
ton exchange membrane water electrolysis (PEMWE) emerges
as the focus due to its technological superiority, such as large
operating current density (1-2 A cm™?), high purity of the
product (>99.99%), and compact construction. Especially,
the rapid response to power inputs enables PEMWE to the
most suitable hydrogen production technology for integrating
with renewable electricity.'®"*> The PEMWE hydrogen/oxygen
production technology has a history of half a century (Fig. 1),
dating back to 1973, when General Electric Company developed
the promising PEM electrolyzer.'" Later, the U.S. space program
first applied it to generate oxygen (O,) as the breathing support
on the aircraft.'® Having established reliabilityy, PEMWE was
employed again for military applications on nuclear submarines."*
In 1980 s, PEMWE’s first commercial utility was founded for
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producing high-purity hydrogen to replace the cylinder in
gas chromatographs and cooling gas in electrical generators,
which relieved the economic pressure for gas-handling.*® The
generalization of PEMWE was not achieved until Proton OnSite
commercially manufactured the PEMWE hydrogen production
devices in 1996. Owing to the simplified manufacturing tech-
nique and advanced material components, PEMWE'’s invest-
ment cost has been gradually reduced over the years.'®™®
Recently, with the surge in global hydrogen demand, the
MW-scale PEMWE hydrogen production facilities have been
built in multiple countries."® In addition, Plug Power will
provide the 1 GW hydrogen production installation system,
the world’s largest PEM electrolyzer, in Denmark.

Even though PEMWE hydrogen production technology has
developed rapidly over the past 50 years, it remains rudimen-
tary for large-scale industrial applications and faces numerous
challenges. A major challenge is a desideration to exploit low-
cost, efficient, and robust anode catalysts, which are competent
for the PEMWE’s operating environment.?*>* The commercial
anode catalyst in PEMWE is iridium dioxide (IrO,), which is
also the only known stable material under harsh conditions.
Unfortunately, there are two problems for IrO,: (i) iridium is
scarce (annual capacity <7.5 tons) and expensive ($157 per
gram in December 2022).>° Global iridium capacity can only
support 10-12 GW hydrogen production installation per year in
the present state. (ii) The catalytic activity of IrO, is not desired,
which makes it difficult to improve the electrolysis efficiency of
PEMWE."'® With the purpose of developing novel anode cata-
lysts to replace IrO,, many efforts have been made by research-
ers. However, the emergent catalysts are often susceptible to
suffering adverse structural evolution during catalysis, such as
cation leaching, irreversible oxidation, and surface reconstruc-
tion. These lead to crystal structure collapse and ultimately
catalyst degradation.>*>® More importantly, the configuration
and operating conditions of the three-electrode cell and PEM
electrolyzer are substantially different, resulting in the failure
to translate the excellent activity and stability of the anode
catalysts into the high performance of PEM electrolyzers. This
gap between active anode catalysts and high-performance PEM
electrolyzers renders that, the majority of emergent anode
catalysts cannot meet the application demands in PEMWE.>
Therefore, in order to explore the design strategy of new anode
catalysts for PEMWE, it is necessary to summarize the potential
anode catalysts and discuss the gap between the catalyst and
membrane electrode assembly (MEA).

In this review, we present a comprehensive summary of the
advances and application status of the anode catalysts for
PEMWE. The stack structure and principle of the PEM electro-
lyzer are first introduced. Then, we highlight the catalytic/
degradation mechanism during anode catalysis, followed by a
discussion on the inverse activity-stability relationship. The
great efforts to develop anode catalysts for PEMWE are looked
back upon by summarizing the representative candidates,
including Ir-based catalysts, Ru-based catalysts, and noble-
metal-free catalysts. With regard to the disparity between
efficient anode catalysts and superb PEM electrolyzers, we
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compare the three-electrode cell set-up with the PEM electro-
lyzer, which is employed to assess the performance in the
laboratory and industry. The inherent reasons for the discre-
pancy in the performance between the two test systems are
clarified. In order to bridge this gap, we put forward the design
strategies for viable anode catalysts and outline the effective
intermediate assessment methods. Finally, an outlook on the
remaining challenges and relevant suggestions in the progress
of the anode materials is provided, which benefits promoting
PEMWE hydrogen production technology.

2 Mechanisms in PEMWE

2.1 Structure and principle of PEM electrolyzers

Significantly different from conventional aqueous electrolysis
cells (e.g., AWE), the PEM electrolyzer uses PEM as a solid
electrolyte and separator for the bipolar chambers.***" There-
fore, the structure of the PEM electrolyzer needs to be specially
designed to accommodate this change. The main components
of PEMWE include PEM, catalyst layers (CL), gas diffusion
layers (GDL), bipolar plates (BPs), and end plates (Fig. 2a).
As a core configuration of the PEM electrolyzer, the MEA,
consisting of PEM, CL and/or GDL, provides a place for
electrochemical reactions and largely determines the overall
performance of the PEM electrolyzer.*” In addition to the basic
conductivity and heat transfer, the BPs are mainly used to
distribute water evenly within the cell.*’ Finally, the end plates
act as mechanical supports and fixtures for all the components.
Obviously, the contact and interface structure between multiple
components are the key indicators that determine the efficiency
of the PEM electrolyzer at higher current densities.

a Current collector
Flow-field plate I
GDL T End plate
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Fig. 2 (a) Structure and (b) operating principles of the PEM electrolyzer.
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As the basis of the water electrolyzer, OER at the anode and
hydrogen evolution reaction (HER) occur at the cathode of
three-phase interface on the catalyst surface. The typical oper-
ating principles of a PEM electrolyzer are as follows (Fig. 2b):
pure water supplied from the anode port flows through the BPs
and GDL to the surface of the anode catalyst, where it is further
dissociated into protons and oxygen. The evolved oxygen is
released along the water flow, while the protons pass through
the PEM to the surface of the cathode catalyst and are imme-
diately reduced to hydrogen.

2.2  OER Mechanisms in acid

OER at the anode is sluggish because it involves multiple
proton-electron transfers, resulting in a higher oxidation
potential and lower voltage efficiency. Although only pure water
needs to be supplied to the PEMWE, the anode catalysts are in a
somewhat acidic environment due to the enormous number of
protons produced by the dissociation of water. However, acidic
conditions require the stability of the OER catalyst more
strictly, that is, on the basis of acid corrosion resistance, more
electrochemical corrosion resistance.***> Electrochemical cor-
rosion is often considered to be closely related to the reaction
mechanism of OER. Therefore, it is of great significance to
understand the mechanism of OER in acidic conditions to
improve the energy conversion efficiency and operating life of
PEMWE. Early OER reaction paths were mostly inferred from
kinetic parameters obtained by electrochemical methods, and
it was generally believed that O*, HO*, and HOO* intermediates
were partially or completely involved in OER, whether in acidic
or alkaline conditions. However, the complex OER dynamic
processes make the mechanism analysis challenging because
dynamic characteristics are affected by multiple factors, which
may lead to similar responses to different mechanisms.*®
Consequently, it is necessary to explore the OER mechanism
in conjunction with thermodynamics.

With the development of density functional theory (DFT),
Rossmeisl et al. proposed an adsorbate evolution mechanism
(AEM) involving four concerted proto-electron transfer (CPET)
reactions (Fig. 3a).>”*® In this way, the reaction free energy (AG)
can be quantified, and the step with the greatest AG is regarded
as the rate-determining step, which controlls the overall OER
activity.>® Based on extensive experimental and computational
data from various catalysts, the adsorption energy of the HO*
and HOO* intermediates had been proved to have a near-
constant gap of 3.2 eV, that is, the so-called scaling relationship
(Fig. 3b)."® Thus, a theoretical OER overpotential volcano
appears and limits the minimum overpotential that a catalyst
can achieve to 0.37 V rather than 0 V (Fig. 3c). Although the
scaling relationship has guided the selection of catalysts with
appreciable activity, there is an urgent need to break this
relationship to meet the quest for active catalysts with greater
benefits. Since the scaling relationship is rooted in the similar
adsorption patterns of HO* and HOO* on the catalyst surface,**
optimizing the adsorption of intermediates separately through
appropriate pathways is a feasible route to break the scaling
relationship (Fig. 3d).*?
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Fig. 3 (a) Schematic illustration of the AEM. (b) The function of the
adsorption energies (AE) of HOO* with HO* on various catalysts. (c) The
volcano plot for the theoretical overpotential as a function of the
adsorption-free energy difference between O* and HO*. (b and c¢) Repro-
duced with permission from ref. 40. Copyright 2011, Wiley-VCH. (d)
Schematic of strategies for breaking the scaling relationship in OER.

In recent years, lattice oxygen-mediated mechanism (LOM)
is expected to break the scaling relationship due to the unique
existence of non-concerted proton-electron transfer reactions.***
Although the pioneering work of Grimaud et al. targeted the
perovskite system under alkaline conditions,** the LOM under
acidic conditions was also observed experimentally,*® as such,
LOM in acid could be reasonably deduced from that under
alkaline conditions. In the LOM, lattice oxygen is a reactive
electrophilic oxygen capable of coupling with water molecules
via nucleophilic attack, which subsequently releases oxygen
and creates oxygen vacancies (V,). V,, can be filled by water or
bulk oxygen migration to restart the catalytic cycle (Fig. 4a).
Based on the understanding of AEM, LOM with the CPET
process seems to be possible, but this contradicts the experi-
mental result that the LOM is accompanied by pH dependence.
The pH dependence indicates the decoupling of CPET in the
reaction steps, especially in the rate-determining step (Fig. 4b).
Essentially, this is because the oxygen-containing species on
the surface have either high electron or proton affinity, and
thus interact strongly with the electrolyte.*®*” It is worth noting
that the pH dependence does not necessarily result in LOM,
such as in the case where the electron transfer rate does not
match the affinity of the intermediate.*®*° For further insight,
acidic LOM can be enriched by studies of alkaline LOM, such as
the electron structure analysis of the p-band center and the
charge transfer energy.*®>°

Generally speaking, the differences between LOM and AEM
can be summarized in the following three aspects: (i) source of
oxygen. For LOM, oxygen is not only derived from water
molecules but also partly or completely from the catalyst lattice.
This can be experimentally detected by isotope labelled online
electrochemical mass spectrometry.”>® (ii) Redox process. For
AEM, the metal is the only active site on which water undergoes
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Fig. 4 (a) Schematic illustration of the LOM. (b) Schematic diagram of
decoupled proton—electron transfer of a classical rate-determining step
under acidic conditions. (c) Description of O 2p bands falling into M d
orbitals and achieving an anionic redox process. Reproduced with permis-
sion from ref. 52. Copyright 2016, Springer Nature.

a continuous four-step proton-electron coupling reaction.
Essentially, this is a cationic redox process, as the metal ions
take on different valence states to accommodate changes in the
oxygen-containing intermediates during the reaction. While in
the LOM, the oxygen in the lattice connected to the metal is the
catalytic active O~ species. This process can be viewed as an
anionic redox process, similar to anion-driven capacity storage
in lithium-ion batteries (Fig. 4c).”” (iii) Activity and stability.
LOM is able to bypass the general scaling relationship of
intermediates in AEM, which led to the discovery of highly
active catalysts. However, since lattice oxygen in LOM mediated
the reaction, the instability of the V,, and the inevitable metal
dissolution will cause a certain degree of irreversible damage to
the structure of the catalyst, although the generated V, can be
filled.”>>® Therefore, catalysts dominated by LOM appear to
be more active but less stable than those of AEM. In order to
obtain high performance catalysts, reasonable strategies are
required to balance this activity-stability relationship.

For the practical application of PEMWE, the catalyst should
first satisfy the high stability, and then the high activity.>*
The instability, or deactivation of the catalyst is caused by both
external (e.g., catalyst detachment and surface blocking) and
internal (e.g., catalyst dissolution and surface reconstruction)
factors.>>*® Defining the dissolution path is particularly
important because other factors can be appropriately modified
by process adjustment. On the other hand, it helps to deter-
mine the main parameters affecting the stability of OER
electrocatalysts.>®

In the case of Ir-based oxide catalysts commonly used in acid
OER, more recently, Ir dissolution has been found to be highly
correlated with OER.>” At different potentials, the iridium
electrodes mainly complete the OER catalytic cycle through Ir'™"
or I, which leads to different dissolution paths (Fig. 5). (i)

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 5 Universal mechanism linking the OER to possible Ir dissolution
pathways. Reproduced with permission from ref. 57. Copyright 2018,
Wiley-VCH.

For the less active heat-treated iridium oxide, the higher
applied potential is required, so that the core Ir¥ intermediate
is further oxidized into volatile IrO;, which can be decomposed
into IrO, or become soluble IrO,>". (ii) For the highly active
metallic Ir and reactively sputtered Ir oxide, low overpotential
can drive an appreciable reaction rate, but the potential is not
enough to oxidize Ir'. Subsequently, Ir¥ intermediates decom-
pose into HIrO, species, and then become soluble Ir'™™ ions or
deprotonate to form IrO,. As indicated above, OER and Ir
dissolution are closely related reactions sharing an identical
unstable intermediate. Therefore, inhibiting the dissolution of
intermediates is a necessary route to obtain high stability
catalyst. However, the competition between different paths of
dissolution or deposition is controlled by the relevant reaction
kinetics, which requires more in-depth kinetic simulation and
advanced characterization techniques to explore the complex
activity—stability relationship of actual catalysts.

3 Advances in anode catalysts for
PEMWE

3.1 Ir-based anode catalysts

3.1.1 Ir black and IrO, anode catalysts. Considering the
acidic and corrosive operation conditions, Ir-based catalysts are
regarded as the star materials in PEMWE. At present, IrO,, and
Ir black, with the main component of Ir, are the most com-
monly used Ir-based anode catalysts in PEMWE.>* However,
their high cost and plain activity seriously hinder the develop-
ment of PEM hydrogen production technology. Thus, research-
ers have made great efforts to reduce iridium usage and
enhance the activity of the Ir-based anode catalysts.

Morphology regulation of Ir black catalyst is an effective way
to improve its catalytic activity and iridium utilization."® There
have been a variety of synthesis methods for developing
Ir-based catalysts with different morphologies, such as the
wet means (e.g, sol-gel method, polyol method, aqueous
method) and thermal decomposition methods (e.g., Adams
fusion method and Pechini-thermal treatment method).>®"®°
Lee et al. reported the synthesis of Ir nanodendrites with an
extremely high OER activity than that of commercial Ir black.®'
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Fig. 6 (a) Schematic illustration of the synthesis process of the 3D Ir superstructures. (b) The OER performance of catalysts in acidic conditions. (a and b)

Reprinted with permission from ref. 64. Copyright 2016, American Chemical Society. (c) The XRD pattern of Ir—Ru mixed oxides. (d) The polarization

curves of Ir—-Ru mixed oxides at 80 °C. (e) The stability test for Rugolrg10, at 1 A cm™2and 2 Acm

~2, (c—e) Reprinted with permission from ref. 71.

Copyright 2014, Elsevier. (f) The XRD pattern of Ru-IrO,. (g) Cell voltage—current density curves of Ru—-IrO, with iR-free. (h) Durability tests of Ru-IrO, at
1A cm~2. (f-h) Reprinted with permission from ref. 77. Copyright 2022, Elsevier.

Fu et al. reported the Ir wavy nanowires with a small size of
1.7 nm. The Ir wavy nanowires exhibiting enhanced activity
and durability for OER can be ascribed to theirspecial
morphology.®®> Subsequently, they also reported ultrasmall Ir
nanoparticles with narrow size distribution by a colloidal
method for the first time, which yielded excellent OER activity
under acidic media.*® Pi et al. reported a new class of three-
dimensional (3D) Ir superstructure catalysts, which showed a
low onset overpotential (Fig. 6a and b).** Although Ir black
catalysts exhibit good OER activity, to make it a potential
material to be applied in PEMWE, the irreversible oxidation
of iridium metal to iridium oxide during the catalytic process
has to be taken into account.

IrO, with a rutile phase is currently the commercial anode
catalyst for PEMWE. The IrO, loading on MEA is usually
2-2.5 mg cm 2, and it is expected to be reduced by improving
the catalytic activity of IrO,. For instance, Lim et al. developed a
molten salt method to synthesize ultrathin IrO, nanoneedles
(diameter ~ 2 nm), which is facile and scalable. The OER
performance of IrO, nanoneedles was significantly enhanced
compared to that of the conventional nanoparticles.®®
Especially, the low loading of IrO, about 0.38 mg cm > on
MEA can achieve a high performance of 2 A cm 2 at 1.633 V and
had no obvious degradation after 122 h.°® On the other hand,
iridium oxide with poor crystallinity, namely, IrO,, tends to
show better OER activity than crystalline IrO,. Its excellent
activity can be attributed to a large number of active sites and
oxygen defects. But the existential fact is the poor structure
stability of IrO, due to Ir dissolution during the catalytic

process. Even though the catalyst with poor structural stability
may show good catalytic stability during the short-term electro-
chemical test in the laboratory, the loss of active sites and the
collapse of structure will shorten the lifetime of PEMWE.
Therefore, it is very significant to balance the catalytic activity
and structural stability of the catalyst. Jiang et al. developed
an amorphous IrO, catalyst through a sophisticated soft-
templating method. This mesoporous IrO, shows superior
OER activity and good stability.®” Yu et al. fabricated the IrO,
dispersed in the Nafion®™ catalyst layer. The IrO,/Nafion
catalyst showed good stability in PEMWE, and especially, the
catalysts layer was used with a low Ir loading of about 0.08 mg cm™>.
They thought three-points can influence the total performance:
(i) the content of iridium(wv) to iridium(m) species was high; (ii) a
well-dispersed catalyst; (iii) the homogeneous distribution of the
catalyst layer in the PEM.®® Therefore, it will have great potential for
optimized IrO, to apply in the PEMWE.

3.1.2 Ir-Ru anode catalysts. Although Ir-based materials
possess great prospects in PEMWE, their high cost hamper the
large-scale application of PEMWE. Thus, reducing Ir usage has
become the key to improved the availability of MEA, which
can be implemented by introducing the other active and
cheaper components into IrO,. RuO, is regarded as another
benchmarked anode catalyst due to its excellent intrinsic
activity, however, its stability is fairly poor.®® Thus, the
combination of RuO, and IrO, is greatly expected to balance
the activity and stability due to the better superior activity of
RuO, and the stronger stability of IrO,. Siracusano et al.
prepared IrRuO, electrocatalysts (the ratio of Ir:Ru was
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0.7:0.3) by a thermal treatment method, the IrRuO, displayed
higher OER activity compared to IrO, in PEMWE.”® Audichon
et al. developed Ruy oI, 10, mixed nanocatalysts with a stability
loss rate of 90 uV h™* (in 1000 h) at 1 A cm™? in the operation
potential of 1.806 V (Fig. 6¢c-e).”" Furthermore, coating more
stable IrO, on the surface of RuO, is another effective strategy
to obtain highly active and stable electrocatalysts. For instance,
Lv et al. designed self-assembled RuO,@IrO, nanocomposite
electrocatalysts with mediate OER activity and sufficient dur-
ability, which exhibited a lower cell voltage (1.683 V@1 A cm™?)
than RuO, (1.715 V@1 A cm™ %) and IrO, (1.748 V@1 A cm ™ >).”?
In another case, Du et al. chose IrO, as a stable matrix, and the
Ru atoms were in the IrO, matrix. In PEMWE, the catalysts
displayed a current density of 1 A cm™2 at 1.72 V. (Fig. 6f-h).
The superior activity and stability were due to the improved
water affinity of the surface and the broken of IrOg octahedrons
in the Ir sites. In addition, the change in the mechanism about
catalytic process will make the change in the OER activity. From the
view of dynamics vapor sorption (DVS) measurements and X-ray
absorption spectroscopy (XAS) results, the oxygen intermediates
(such as *OH, *O, and *OOH) of Ru-IrO, were stronger than those
on IrO,. The OER process for Ru-IrO, was dominated by LOM,
which was also different from single IrO,.”

3.1.3 Ir-nonprecious metal anode catalysts. Besides, non-
noble elements can be used to dilute the content of iridium to a
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greater extent. Generally, there are two approaches to achieving
this goal, those are doping and introducing the support. The
low-iridium, active, and stable anode catalysts can be obtained
by doping the non-noble elements (e.g., Sn, Ta, Ti, Nb, Mo)
with high corrosion and oxidation resistance into IrO,. The
catalysts, such as Ir,Sn; ,O,, IrNbO,, Ir,Mo; ,O,, and
Ir,Mn; _,O, have been confirmed to possess high OER activity
and long-term stability.”*””” Recently, it has been reported that
bimetallic doping can further enhance the utilization of
iridium.”®”® For example, He et al. reported a ternary nano-
catalyst Irg ;W .,Sn, 10, The co-doping of W and Sn not only
stabilized the valence state of Ir but also made the Ir d band
center move to the Fermi level, thereby improving the adsorption
capacity for oxygen intermediates.’® Hao et al presented a
torsion-strained Ta, ;Tmg 4Iry sO,_ s nanocatalyst, with an Ir load-
ing of 0.2 mg cm ™2, that showed excellent stability at 1.5 A cm ™2
for 500 h in the PEM electrolyzer (Fig. 7a and b).*" They found the
synergistic effects and grain boundaries could tune the adsorp-
tion capacity of the oxygen intermediates, thereby boosting its
good OER performance. Although doping non-noble metals can
improve the mass activity of IrO,, the iridium content of the
corresponding anode catalysts were limited to 50 wt%. Further
addition of non-noble metals will significantly decrease their
activities. Therefore, this approach can only reduce the iridium
usage in anode catalysts to a certain extent.
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3.1.4 Supported Ir-based anode catalysts. Dispersing Ir or
IrO, on promising supports can provide higher iridium utiliza-
tion. In view of the need for PEMWE for anode catalysts with
low cost, high activity, and long-term stability, the ideal support
should have the following features: (i) large BET surface area;
(ii) good electrical conductivity; (iii) strong acid- and oxidation-
corrosion resistance; and (iv) low cost. At present, metal carbide
and metal nitride are recognized as attractive support materials,
such as TaC and TiN. It is worth noting that their surfaces will be
inevitably oxidized to the corresponding oxide layer during the
OER catalysis. For example, Chemler et al. stated the surface
oxidation/dissolution of metal carbide supports.®* Cowling et al.
also confirmed that the structural evolution of TiC support
(i.e., TiC — TiO*" — passivated TiO,) occurred, when the applied
voltage reached 0.91 V vs. NHE.* Therefore, at present, metal
oxides were more chosen as the desired supports for anode
catalysts. TiO,, as an excellent support, was investigated for its
application in acidic OER, and IrO,/TiO, catalyst has been
commercial for practical applications. Bernt et al. studied the
influence of Nafion on a PEM electrolyzer prepared using the
IrO,/TiO, anode catalyst. When the Nafion content was 11.6 wt%,
it could achieve good performance at about 1.57 V@1 A cm™> and
2 V@6 A cm~>.** However, this requires a large content of iridium
due to the poor conductivity of TiO,. It follows that improving the
conductivity of metal oxides is vital to obtaining outstanding
anode catalysts. Min et al. reported that IrO,/W-TiO, reached
1.602 V at 1 A cm ™ in the cell electrolyzer (Fig. 7c-€).®> Kim et al.
chose a TiO,-MoO, composite as support, and the electrical
conductivity of TiO, can be significantly enhanced.®® Sn-based
oxides and their doping counterparts, such as SnO,, F-doped
SnO, (FTO), and Sb-doped SnO, (ATO), are also considered
potential candidates, but their ionic dissolution may be more
severe than that of Ti and therefore require further evaluation.
The highly oxidized Ir sites can be OER active centers, as reported
by some researchers.®” Shi et al. designed a highly active, acid-
stable catalyst Ir\WO;/Ir, and they thought high-valence Ir active
sites played a vital role for improving the activity.*® Shi et al.
found an excellent catalyst Ir/Nb,Os_,, moreover, in that, there is
the dynamic migration of oxygen species between the active site
and support. The optimized Ir/Nb,Os_, only needed 1.839 V to
attain 3 A cm 2 and no activity damping after the 2000 h test at
high current density (2 A cm™?). The dynamic migration between
the support and the Ir sites broke the scaling relationship of AEM
and triggered an LOM and suppressed the leaching of Ir species,
contributing to the excellent activity and strong stability for
Ir/Nb,Os_,. This research also provided a new understanding
for the charge dynamic migration in the field of supported
catalysts (Fig. 7f and g).* To sum up, developing Ir-based
supported anode catalysts can not only reduce the iridium
usage and improve the iridium utilization, and also balancing
the activity-stability scaling relationship of the anode catalysts,
is a substantial progress toward applying anode catalysts for
PEM electrolyzer.

3.1.5 Iridate anode catalysts. Iridate, the oxide containing
two or more metal elements (including iridium), is regarded as
a promising anode catalyst. The representative iridate anode
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catalysts are perovskite-type (with the formula AIrO;, A = alkaline
metal, alkaline earth, or rare earth) and pyrochlore-type (with the
formula A’,Ir,0;, A’ = rare earth, bismuth or plumbum) Ir-based
materials. Their diverse crystal structures tend to provide a
unique electronic structure to the Ir active site, thus enhancing
activity and stability. Besides, the introduction of A or A’ dilutes
the content of iridium, and can effectively reduce iridium usage.

Perovskite-type SrIrO; is the first reported iridate anode
catalyst. Seitz et al. synthesized orthorhombic SrIrO; by pulsed
laser deposition (PLD) and found that the Sr leaching behavior
during the first 30 hours of OER catalysis.’® The high activity of
the resulting IrO,/SrIrO; structure was confirmed by experi-
ments and theoretical calculations (Fig. 8a-i). Similar results
have also been found in the study of pyrochlore-type anode
catalysts (e.g., Pr,Ir,05, Y,Ir,0, Bi,Ir,0,).°" A’ element on the
surface will also dissolve into the electrolyte, generating amor-
phous IrO,, which is the actual active phase. In fact, the
structural evolution of iridate during OER catalysis involves
not only the A (or A’)-site leaching but also the Ir dissolution
triggered by it. Especially for some doped iridate anode
catalysts (e.g., Ba,PrIrOg, Sr,ColrOg, La,LilrOg, Sr,YIrOg), the
severe leaching of the dopant and A (or A')-site element results
in the surface (even the bulk) reconstruction to amorphous
Ir0,.>*?>92:9% These behaviors are likely to aggravate the dis-
solving of Ir active sites and finally lead to catalyst degradation.
It is important to note that these structural evolutions might
not even be the results of electrochemical corrosion, but may
also be caused by transient acid treatment (Fig. 8j and k).>* This
structural instability has raised questions about whether these
catalysts are actual low-iridium catalysts and has also forced
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Fig. 8 (a) Theoretical overpotential volcanic plot based on the scaling
relation of 3C-SrlrO3 system. (b—i) Surface models of IrO, and 3C-SrlrOs,
where (b-i) correspond to (b—i) in the volcano plot in (a). (a—i) Reprinted
with permission from ref. 90. Copyright 2016, American Association for the
Advancement of Science. (j) Schematic of two experimental routes for
Ba,PrirOg in the catalytic corrosion test. (k) Comparison of the percentage
of Ir leaching from Ba,PrirOg in Route 1 and 2 ratios during the OER test.
(j and k) Reprinted with permission from ref. 34. Copyright 2022, Elsevier.
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researchers to focus on developing iridate anode catalysts with
excellent structural stability.

Due to the diverse crystal structure of iridate, their structural
stability can be optimized by phase engineering. Our group
reported monoclinic SrIrO; (6H-SrIrOs), which is a polymorph
of orthorhombic SrIrO; (3C-SrirO;).>* Although the two have
the same elemental composition, the mass activity of 6H-SrIrO;
was twice that of 3C-SrIrO; (Fig. 9a). In addition, the amount of
Sr and Ir leaching of 6H-SrIrO; was much less than that of
3C-SrIrO;, and this enhanced structural stability can be attri-
buted to the unique face-sharing IrOg octahedral dimers in the
crystal structure (Fig. 9b). Considering the well-maintained
crystal structure of 6H-SrIrO;, we investigated its theoretical
activity according to the AEM. The DFT calculations revealed
that the excellent activity of 6H-SrIrO; was attributed to the
moderate adsorption energy of the oxygen-containing inter-
mediate. In the later work, we further developed 6H-SrIrO; by
facet regulation. The two-dimensional ultrathin {001}-faceted
6H-SrIrO; (2D-SIO) was prepared, and the nanosheets displayed
higher activity and less Sr leaching than their bulk counterparts
(Fig. 9¢).”” Combining the results of the experimental and
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Fig. 9 (a) Mass activity comparison of 6H-SrIrOs and 3C-SrlrO3, hormal-
ized by the Ir mass at 1.525 V vs. RHE. (b) Percentage of Sr leaching from
6H-SrIrO3 and 3C-SrirOs after 30 h of the catalytic stability test. (a and b)
Reprinted with permission from ref. 94. Copyright 2018, Springer Nature.
(c) Contents of Sr and Ir leaching from 2D-SIO and SS-SIO during
5000-cycle measurements. (d) The thermodynamic driving forces of Sr
leaching from the first and second atomic layers at different SrirOs
surfaces. (c and d) Reprinted with permission from ref. 95. Copyright
2021, Elsevier. (e) Surface model of SrTiOz—SrlrOs after little Sr leaching
and forming anatase Ti(Ir)O,. (f) Theoretical overpotential volcanic plot of
different oxide materials. (e and f) Reprinted with permission from ref. 98.
Copyright 2020, Wiley.
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theoretical calculations, we found the exposed {001} facet can
not only create the beneficial O* intermediates but also prevent
the subsequent leaching of Sr (Fig. 9d). These effects enabled it
possible to simultaneously accelerate the O-O bond coupling
and maintain the structural integrity, thus endowing 2D-SIO
with superior catalytic activity and structural stability.

Another effective approach to improve the structural stabi-
lity of iridate is to stabilize Ir active sites in the parent materials
with strong corrosion resistant (e.g., SrTiO;, SrZrO;z, BaTiO3).
Different from the above-mentioned-doped iridate, which intro-
duces the element dissolving easily during catalysis, the robust
non-noble metals in these iridates hardly oxidize and dissolve
during the acid treatment and electrocatalysis. On the contrary,
the stable crystal framework constructed by them can inhibit
the leaching of A-site elements and iridium, which can effec-
tively prevent the crystal structure of the anode catalysts.
For example, our group reported several perovskite-type solid
solutions, such as SrTiO;-SrIrO; and SrZrO,-SrIr0,.°°°® The
introduction of Ti or Zr adjusted the hybridization of Ir 5d and
O 2p orbitals, which relieved the excessively strong Ir-O bond
covalency, ensuring the excellent structural stability. After
further comparing the thermodynamic stability of key oxygen-
absorbed structures involved in AEM and LOM, we found that
OER proceeds preferably via AEM rather than LOM in these
catalysts. The highly active phase is the anatase solid solutions
(i.e., TiO,-IrO,, ZrO,-IrO,) formed on the surface of the
perovskite-type solid solution after slight Sr leaching (Fig. 9e).
The stable Ti and Zr can optimize the adsorption of the Ir active
site to oxygen-containing intermediates, thus improving the
activity of the anode catalysts (Fig. of).

3.2 Ru-based anode catalysts

Ru-based catalysts are deemed to be the alternate candidates
for Ir-based anode catalysts for PEMWE. On the one hand,
Ru-based anode catalysts usually exhibit better catalytic activity
than Ir-based counterparts, contributing to the favorable
binding ability for oxygen-containing intermediates (e.g., *O,
*OH, and *OOH) of Ru sites.”® On the other hand, ruthenium
costs nine times less than iridium (e, $17 per gram in
December 2022), which can effectively provide saving on the
catalyst investment. Unfortunately, despite the advantages in
cost and activity, Ru-based anode catalysts face a fatal problem,
which is the rather poor stability during OER catalysis. Their
poor stability can be attributed to two points: (i) Ru-based
materials are prone to be excessively oxidized to soluble Ru*
(X > +4), e.g, soluble RuO, derivatives, when the applied
voltage exceeds 1.4 V during OER catalysis. The definitive
reaction is RuO, + 2H,0 — RuO, (aq) + 4 H' + 4e. (ii) The
catalysis on Ru-based anode catalysts involves LOM, which
releases lattice oxygen and generates oxygen vacancies, accel-
erating the leaching of the Ru site, as well as the destruction of
the crystal structure.*®'°*'°! Therefore, the stabilization of the
active sites is the top priority for Ru-based anode catalysts.
Elemental doping is a successful strategy for improving the
stability of Ru-based anode catalysts. It has been reported that
with the introduction of foreign elements, such as V, Sn, Co, Ni,
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Zn, Fe, W, and La, the electronic structure of the Ru site can be
modulated and prevent the formation of oxygen vacancies, and
thus is effective to improve the stability of Ru-based anode
catalysts.'*>%® Recently, Hao et al. synthesized the Wy ,Erg ;-
Ru,;0,_s anode catalyst by bimetallic doping, enabling this
catalyst to exhibit long-term stability for 500 h."** They found
that the W and Er dopants were capable of downshifting the
O 2p-band center to the Fermi level, which increased the oxygen
vacancy formation energy. The authors believed that the
increase of the oxygen vacancy formation energy inhibits
the direct O-O coupling together from the lattice of
Woy.,Ery1Ruy,0,_s, which makes the OER inclined to the
AEM and reduces the tendency of Ru dissolution and oxidation
(Fig. 10a—c). Besides, the authors concluded that the calculated
AG for the potential determining steps between OOH* and O*
followed the order of W, ,Er, Ru,,0, 5 (0.53 eV) <
Wo.RU, 50, 5 (0.6 eV) < Wy Ruge0, 5 (0.72 eV) < RuO,
(0.79 eV), which suggested that these effects simultaneously
boosted the OER activities and stabilities of RuO, (Fig. 10d and e).

Apart from RuO,, Ru-based complex oxides with diverse
crystal structures (e.g., perovskite-type and pyrochlore-type)
were also studied to exploit the robust Ru-based anode
catalysts.>>'® Among these, the Ru-based complex oxide,
perovskite-type SrTRuO; is identified as a classical model, whose
catalytic/degradation mechanism has been systematically
explored. The most effective stabilization approach for STRuO;
is also proven to be element doping. For example, Na and Ca
substitutions for Sr were investigated by Retuerto et al. and
Hirai et al., respectively.'*®'%” It has been shown that Na or Ca
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substitution at the A site can improve catalytic stability by
adjusting the electronic structure of the Ru site and alleviating
the structural distortion of RuOg octahedra. In addition to the
influence of elements, the unique crystal structure of the
complex oxide is also conducive to the stability enhancement
of the Ru-based anode catalysts. For example, Kim et al
reported a pyrochlore-type Y,Ru,0,_ s anode catalyst, which
possesses good activity and stability.’*® As suggested from the
theoretical calculation results, the overlapped Ru 4d-orbital
and O 2p-orbital band center energies of Y,Ru,0, s is less
than that of RuO,, which makes the Ru-O bond of Y,Ru,0,_;
more stable (Fig. 10f and g).

All the above discussion showed that substantial progress
has been made in the stabilization of Ru-based anode catalysts.
However, the harsh truth is that they are far from PEMWE’s
technical targets. Although several Ru-based anode catalysts
have been evaluated in the PEM electrolyzer, the operating
current is not up to the amperage level for PEMWE. For
example, the W, ,Er, 1Ru, ;0,5 anode catalyst discussed above
can operate at a current density of 100 mA cm ™2 for 120 hours
in a PEM electrolyzer. Wu et al. tested the Ni-doped RuO, anode
catalyst in a PEM electrolyzer, which could maintain the
current density of 200 mA cm ™2 for 1000 hours."*® Admittedly,
it is great progress for Ru-based anode catalysts to achieve such
a degree of durability in the PEM electrolyzer. However, once
the operating voltage raises higher (e.g., 2 V), there is a strong
possibility of catalyst degradation. In the short term, the more
promising strategy is to combine Ru-based anode catalysts with
iridium-based counterparts.
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3.3 Noble-metal-free anode catalysts

Although Ir-based and Ru-based materials exhibit excellent
performance for OER, their price and scarceness heavily hinder
the scale-up development of PEMWESs. Thus, it is urgently
required to explore acid-stable noble-metal-free materials. The
3d transition metal-based oxides have excellent adsorption
energy of oxygen intermediates, and thus show better catalytic
activity. Nevertheless, there is a shortcoming for transition
metal-based oxides: poor stability not enough to catalyze the
water splitting in an acidic medium. The Pourbaix diagrams, as
an effective tool for theoretical prediction, can reflect the stable
redox species ranging with potential and pH in aqueous solu-
tions, and thereby screen out the metal elements with good
acidic stability."'® The theoretical and experimental results
show that some metal elements (e. g., Ti, Mo, Nb, Ta, W, Pb,
etc.) can be stable under the pH and potential of acidic OER."""
However, these metals and their oxides have poor OER activity,
therefore, coupling with some stabilizing structural elements
into transition metal-based oxides with good OER activity can
improve the stability of unstable metal oxide catalysts to a
certain extent. For example, Huynh et al. selected Pb as a
stabilizing structural element in CoFePbO, films.''> CoFePbO,
showed high OER activity at pH = 2.5 and long-term stability for
over 50 h at 1 mA cm 2. Frydendal et al. incorporated TiO, and
MnO, to obtain the catalyst that led to the improvement of
stability.""® Apart from introducing metal elements, introdu-
cing non-metallic elements can bring amazing results. Patel
et al. developed F-doped Cu,sMn,s0, catalysts with
unchanged current density for 24 h testing of constant
potential (1.55 V vs. RHE)."'* Pan et al. successfully designed
low-cost and high-performance OER catalysts in acidic med-
ium, named Mn, 50;0Br;.'*®> The obtained Mn,;0,0Br; can
maintain excellent stability about 500 h at 10 mA cm > and
300 h at 100 mA cm ™2 in PEMWE, which can be attributed to
the formation of a tightly-packed oxide on the surface of the
catalysts. This work also confirmed that the introduction of
halogen ions with excellent electron transport capacity can
further enhance the OER activity (Fig. 11a-c). Moreover, the
interface engineering has been considered to enhance stability.
Li et al. chose to deposit y-MnO, on the fluorine-doped tin oxide
support, which had no obvious decay during galvanostatic
electrolysis at 10 mA cm™> over 8000 h measurement."'® Huang
et al. mixed CeO, and Co;0, to construct Co;0,/CeO, nano-
composite, with the overpotential of 423 mV (FTO substrate)
and 347 mV (C substrate) at 10 mA cm™>.""” The closely bonded
interface between CeO, and Coz;0, expanded the electronic
regulatory effect at the interface, changed its local structural
characteristics, and promoted the catalytic performance of acid
OER. (Fig. 11d and e) All kinds of strategies can be implemen-
ted to obtain efficient acid OER catalysts using the abundant
transition metal oxides, which are expected to replace noble-
metal materials one day.

The other non-noble metal materials, including metal sulfides,
metal borides, and metal phosphides, (e.g., M0S,, TaS,, TiB,,
CoPi, etc.) also have great appeal in the field of the acidic
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from ref. 115. Copyright 2022, Springer Nature. (d) HRTEM images of
Co0304/CeO, samples. (e) The iR-corrected CV curves of CozO4 and
Co0304/Ce05 in 0.5 M H,SO4 solution. (d and e) Reprinted with permission
from ref. 117. Copyright 2021, Springer Nature.

medium. For example, Wu et al. exfoliated 2D metal sulfides
(1T-MoS,, 1T-TaS,, 2H-MoS,, 2H-Ta$,) nanosheets through a
liquid phase and lithium intercalation, which showed poor
activity and stability.""® M0S,/C0,Ss/Ni3S,/Ni, was also demon-
strated an excellent electrocatalyst in a wide pH range (alkaline,
acidic and neutral electrolytes).’'® In addition, some inter-
metallic compounds were examined for OER in the acidic
medium. For instance, the intermetallic Ni,Ta can produce
the current for OER in the acidic electrolyte."*® The corrosion
rates of Ni,Ta was 2 orders lower than that of pure Ni. TiB,
showed the high overpotential of about 560 & 20 mV. Although
poor activity was found for TiB,, it had moderate stability in
acidic conditions.

Although some works have been reported about the applica-
tion of non-precious metal-based catalysts, these catalysts are
much less active than Ir-based and Ru-based catalysts. The
differences are shown as follows: (i) the high overpotential
(>400 mV) at 10 mA cm ™ ?; (ii) the leaching of nonprecious-
metal-based electrocatalysts in acid was serious, and the catalysts
had no time to react and thereby resulted in poor stability. Taking
into account strongly acidic conditions and the high performance
of the PEMWE, the activity and stability of these materials cannot
meet the industrial demand for PEMWE. Therefore, how to
enhance the activity and stability of nonprecious-metal-based
electrocatalysts, making them potential to be applied in PEMWE
by substituting precious metals (e.g, Ir and Ru), will be very
challenging work.
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4 Keys for translating efficient anode
catalysts into superb PEM electrolyzers

Because PEMWE is considered to be one of the most promising
green hydrogen production routes, long-term development
plans have been announced by many countries.">" For example,
the U.S. Department of Energy (DOE) has established the
technology goals before 2025 for PEM electrolyzer stacks as
follows:"*” the operating current density of more than 3 A cm *@
1.9V, a lifetime of more than 80 khr with a degradation rate less
than 2.25 mV khr™', and a load of platinum-group metals (PGM)
mass on MEA less than 0.5 mg cm 2. Similarly, China’s “hydro-
gen energy technology” key project in the National Key Research
and Development Plan also states a series of goals: operating
current density of more than 2 A cm >@1.8 V@80 °C, lifetime
more than 3 khr with an overpotential increase rate of less than
2%, Ir mass loading less than 0.3 mg cm™ > To achieve these
accomplishments, the durability and activity of the anode catalyst
must be evaluated in an actual PEM electrolyzer. Over the past
decade, many advances have been made in the development of
anode catalysts for PEMWE. The activity and stability of some
novel anode catalysts have been proven to be significantly better
than those of the commercial catalyst IrO,.">*'** However, their
performances were evaluated in a three-electrode test system
rather than in a PEM electrolyzer. Once these novel anode
catalysts are evaluated in a PEM electrolyzer, most of them can
hardly reproduce their excellent performance.'*” This fact can be
attributed to the great difference between the three-electrode cell
and PEM electrolyzer.

4.1 Comparison of three-electrode cell and PEM electrolyzer

Three-electrode cell (Fig. 12a) has been extensively used in the
laboratory to evaluate the intrinsic activity of electrocatalysts."*®
Generally, a classic three-electrode cell includes one working
electrode (e.g., rotating disk electrode, RDE), one counter
electrode (e.g., platinum wire or mesh), and one reference
electrode (e.g., Hg/Hg,Cl, or Hg/HgSO, electrode). The diluted
acid solution (e.g., 0.1 M HCIO,) is used as a liquid electrolyte.
The catalyst loading on the working electrode is fairly low (a few
to tens of micrograms), benefiting from the less dosage of PGM.
And the simple fabrication of a three-electrode cell makes it a
powerful tool to quickly and conveniently measure the inherent
activity of the anode catalysts."*’

In contrast, the performance of the catalyst in PEMWE is
based on MEA, the core component of the PEM electrolyzer
(Fig. 12b). More PGM catalysts (e.g., Pt load: 0.5 mg cm 2,
Ir load: 2 mg cm ™ ?) tend to be consumed during the prepara-
tion of MEA. Coupled with the complex components intro-
duced above, assembling a PEM electrolyzer is much more
expensive and time-consuming. Even so, the PEM electrolyzer
test reflects the actual activity and stability of the electrocatalyst
under the actual industrial operating conditions.

The catalytic activities of the anode catalysts exhibited
in three-electrode cells (i.e., RDE-level activity) and in the
PEM electrolyzer (i.e., MEA-level activity) hinge on different
determinants. In a three-electrode cell, the RDE-level activity
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Fig. 12 (a) Schematic illustration of three-electrode cell set-up (left). The
enlarged model of the catalyst layer on RDE and the advantages and
disadvantages of three-electrode cell test (right). (b) Schematic illustration
of PEM electrolyzer (left). The enlarged model of the catalyst layer on MEA
and the advantages and disadvantages of PEM electrolyzer (right).

is commonly tested with a narrow potential window of 1.2-1.6 V
vs. RHE, which generates a relatively low current density (i.e.,
several to tens mA cm™?), resulting in the reaction kinetics
(related to intrinsic activity) playing the crucial role in RDE-level
activity.>® With respect to the PEM electrolyzer, PEM shortens
the proton transmission distance, so that the operating current
density of the PEM electrolyzer can reach tens to hundreds
of times than that of the three-electrode test system, accom-
panied by a large amount of gas release. Under the conditions
of frequent gas-liquid transfer and high current density
(>1000 mA cm™?), factors affecting the actual performance
include not only the reaction kinetics but also the mass transfer
loss and ohmic resistance of the catalyst layer,'*® which are not
reflected in the three-electrode test system. Therefore, the
discrepancy in mass transport and charge transport behaviors
provides the different catalytic performances in the two test
systems, especially at high current density.

In addition, the RDE-level stability and MEA-level stability of
the same anode catalysts behave differently."*® For example,
Knoppel et al. stated the underestimated RDE-level stability in a
three-electrode cell for anode catalysts.'*® They found that, for
the same catalyst, the RDE-level lifetime (i.e., in units of the
day) was several orders of magnitude lower than the MEA-level
lifetime (i.e., in units of the year). They proposed a dimension-
less descriptor, stability number (S-number), which is the
ratio of oxygen evolved to iridium dissolved during the OER
catalysis.®® By evaluating the effects of different system para-
meters (e.g., pH of the electrolyte, ionomer content of the
catalyst layer, and catalyst loading) on S-number, they revealed
that the main reason for different Ir dissolution behaviors
was the pH discrepancy between the three-electrode cell and
PEM electrolyzer, which will become more apparent over time.
In another case, the RDE-level stability is also closely related to
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the properties of the electrode materials covered by the electro-
catalyst. The common working electrodes (e.g., glass carbon,
ATO) are often passivated, which leads to a continuous increase
in contact resistance, eventually resulting in a sudden potential
change."! This result cannot simply be attributed to catalyst
degradation. It suggested using a gold electrode or boron-
doped diamond electrode as the working electrode because
they are less pron to be passivated.'*’

In a word, the RDE-level test has the advantages of convenience,
universality, and minimum catalyst consumption, which is con-
ducive to the rapid screening of promising catalysts with high
intrinsic activity. However, the usability of anode catalysts
demands to be assessed in the MEA-level test system, which is
superior to providing real activity and stability for PEMWE. In
order to directly understand the performance differences assessed
by the two test systems, we have listed the performance parameters
of the mentioned anode catalysts in the review in Table 1.

4.2 Design strategy for viable anode catalysts towards PEMWE

As discussed above, the performance of the OER catalyst in
MEA is affected by several factors, and the design of the catalyst
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needs comprehensive consideration. Three strategies for
obtaining desirable MEA anode catalysts are listed below.
Firstly, designing the catalysts with high intrinsic activity.
A key factor affecting the catalytic activity is the electronic
structure of the electrocatalyst,"**"** and it can be modulated
by doping heteroatoms, crystal phase engineering, and intro-
ducing lattice stress. For example, the introduction of some
transition metal heteroatoms into Ir-based catalysts not only
reduces the content of noble metals but also adjusts the Ir d
orbital and optimizes the adsorption of oxygen intermediates
to improve its OER activity. By introducing Ta and Tm atoms
into the IrO, lattice, Hao et al prepared torsion-strain
Tay 1Tmy 1Iry 30,5 OER electrocatalyst with a large number of
grain boundaries."** The ligand effect of heteroatoms and Ir-O
bond with torsional strain both regulate the adsorption energy
of oxygen intermediates, leading to improved catalytic perfor-
mance. The MEA based on Ta, ;Tmy 1Ir, sO,_s anode exhibited
much lower initial potential and better catalytic performance
than IrO,, benefiting from an ultra-low oxygen evolution over-
potential, and could operate for 500 hours at 1.5 A cm™ > current

density with a low catalysis load of 0.2 mg cm 2.

Table 1 Performance of mentioned anode catalysts evaluated by RDE- and MEA-level test systems

Catalyst Electrolyte RDE-level activity MEA-level activity Stability Ref.
Ir dendrites 0.5 M H,SO, 1.58 V vs. SHE@0.005 A 61
Ir nanowires 0.5 M HCIO, 283 mV@10 mA cm 2 25000 s@5 mA cm > 62
Ir nanoparticles 0.5 M HCIO, 290 mV@10 mA cm 2 25000 s@10 mA cm > 63
3D Ir superstructures 0.1 M HCIO, 270 mV@10 mA cm? 8 h@®2.5 mA cm™? 64
IrO, nanoneedles 1 M H,S0, 313 mV@10 mA cm 2 2.1 V@2 A cm @80 °C 200 h@2 A cm™2 65
Iro, 2 V@2 A cm’@80 °C 122 h@1 A em ™2 66
Amorphous IrO, 0.5 M H,S0, 320 mV@10 mA cm 2 12 h@2.5 mA cm ™2 67
Nano-size IrOy 0.1 M HClO, 1.88 V@1.8 A cm *@80 °C 4500 h@1.8 A cm™2 68
Iry s Rug 304 1.85 V@3.2 A cm @90 °C 70
Iro. 1R, 60, 0.5 M H,SO, 1.806 V@1 A cm ™ 2@80 °C 1000 h@1.0 A cm™2 71
RuO,@Ir0, 0.5 M H,SO, 215 mV@10 mA cm ™2 1.683 V@1 A cm ™ 2@80 °C 300 h@1.0 A cm™? 72
Ru-IrO, 0.5 M H,SO, 266 mV@10 mA cm 2 1.722 V@1 A cm >@80 °C 100 h@1.0 A cm™? 73
Iro W »SNo. 105 0.5 M H,SO, 236 mV@10 mA cm 2 220 h@1.0 A cm™? 80
GB-Tay ;TmgIr,s0,_5 0.5 M H,S0, 198 mV@10 mA cm > 1.935 V@2 A cm *@50 °C 500 h@1.0 A cm™? 81
Ir0,/TiO, 1.57 V@1 A cm >@80 °C 84
IrO,/W-TiO, 0.5 M H,SO, 1607 A g '@1.4 V vs. 1.602 V@1 A cm @80 °C 450 h@1.0 A cm ™2 85
Ag/AgCl
Ir/NbyOs_ 0.5 M H,S0, 218 mV@10 mA cm ? 1.839 V@3 A cm @80 °C 2000 h@2.0 A cm ™2 89
IrO,/SrIrO3 0.5 M H,SO, 270-290 mV@10 mA cm > 30 h@10 mA cm™? 90
6H-SrIrO; 0.5 M H,SO, 248 mV@10 mA cm 2 30 h@10 mA ecm™? 94
2D-SIO 0.05 M H,SO, 243 mV@10 mA cm 2 5000 CV cycles 95
(1.2-1.6 V vs. RHE)
SITiO,-SrIrO, 0.1 M HCIO, 247 mV@10 mA cm 2 20 h@10 mA em ™ 9
SrZrO;-SrirO; 0.1 M HCIO, 240 mV@10 mA cm? 30 h@10 mA cm 2 97
W, ,Ero1RUy 0,5 0.5 M H,S0, 168 mV@10 mA cm 2 500 h@10 mA cm > 100
Y,Ru,0,_; 0.1 M HCIO, 190 mV@10 mA cm 2 8 h@1 mA cm ™2 104
Ni-RuO, 0.1 M HCIO, 214 mV@10 mA cm 2 1.95 V@1 A cm >@80 °C 200 h@10 mA cm 2 105
CoFePbO, 0.1 M Pi + 1 M KNO, >50 h@1 mA cm? 112
Ti-MnO, 0.05 M H,SO, <2 h@1 mA cm ™2 113
Cuy.sMn, 50, 0.5 M H,SO, 310 mV@10 mA cm 2 24 h@1.55 V vs. RHE 114
Mn; 50,,Br; 0.5 M H,SO, ~295 mV@10 mA cm ™2 300 h@100 mA cm™> 115
vy-MnO, 1.0 M H,S0, ~489 mV@10 mA cm 2 2.0 V@127 mA cm ’@25 °C 350 h@10 mA cm 2 116
+0.5 M Na,SO,
C030,/Ce0, 0.5 M H,SO, 327 mV@10 mA cm ™2 117
1T-MoS, 0.5 M H,S0, 322 mV@10 mA cm 2 1 h@10 mA cm™? 118
1T-TaS, 0.5 M H,S0, 282 mV@10 mA cm 2 1 h@10 mA cm™? 118
Nanoporous IrO, 0.5 M H,S0, 282 mV@10 mA cm? 1.649 V@1 A cm’2®80 °C 3000 cycles 136
(1.06-1.66 V in PEM
electrolyzer)
Ir/W,Ti;_,0, 0.1 M HCIO, 1.75 V@2 A cm >@80 °C 1200 h@1.5 A cm ™2 141
This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023  Mater. Chem. Front., 2023, 7, 1025-1045 1037
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Secondly, nanostructure engineering and morphology con-
trol of the catalyst. Nanomaterials with special structures are
widely used in the catalytic field because of their outstanding
performance. Their large specific surface area leads to more
exposure to active sites and improved utilization of PGM.'?*
Li et al. reported a micro/mesoporous IrO, catalyst with a
surface area of more than 300 m”> g~'. Porous nano IrO, was
synthesized by the ammonia induction pore formation method
without the use of templates."*® The PEM electrolyzer based on
this OER catalyst achieved 1 A cm ™ at the low voltage of 1.649 V
as well as its outstanding stability was proved by the accelerated
durability tests. In addition, it has been reported that the pore
structure of the catalyst layer is conducive to oxygen transport.
However, micropores are too small for the ionomer to pene-
trate, resulting in the formation of ““dead” sites, while too many
macropores are not conducive to the construction of proton
transport networks.> To achieve the best mass and load
transfer, the optimum pore size distribution is a large number
of mesoporous structures between 5-20 nm."*” 3M corporation
invented a nanostructured thin film (NSTF) MEA using a rod-
like array on the polymer membrane."*® The performance of
MEA based on the NSTF catalyst was greatly improved due to
the increased activity and the enhanced electron transfer
between CL and membrane.

Thirdly, the construction of a supported catalyst. It is a
general strategy to select appropriate catalyst support to reduce
the content of PGM as well as increase the electrocatalytic
activity and stability."*® Carbon is the most wildly used electro-
catalytic support substrate because of its good conductivity and
low cost. Unfortunately, the high potential in the anode of the
PEM electrolyzer makes C tend to be oxidized to CO,, accom-
panied by the shedding of catalytic species.’*® As described
above, the optimal supports for anode catalysts require a large
surface area, high conductivity, and strong acid and oxidation
resistance. It should be noted that if the carrier material with
poor conductivity is selected, more load of noble metal is
required to obtain a higher overall conductivity. Zhao et al.
dispersed Ir nanoparticles (Ir NPs) on tungsten-doped TiO,
support by the polyol reduction method."*" The large specific
surface area of Ir NPs formed a chain-like conductive network
and showed high-quality activity. The catalyst durability was
evaluated by MEA, with only 20 mV voltage degradation after

1200 h operation at 1.5 A cm ™2,

4.3 Intermediate technologies for performance evaluation

Considering the significant difference between three-electrode
cells and the PEM electrolyzer, some intermediate test techno-
logies that cover both the operating conditions close to MEA
and the simple structure similar to that of the RDE have been
developed. For example, a half-cell gas diffusion electrode
(GDE) test system has similar components to a real cell and
has been used as an intermediate characterization technique in
the PEM fuel cell (PEMFC) and PEMWE. A half-cell GDE setup
is separated by a polymer membrane into two parts, one side
connecting with the GDL and flow field-like in a real PEM
electrolyzer, and the other side directly facing towards the
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Fig. 13 Schematic illustration of half-cell GDE configuration.

aqueous acidic electrolyte (Fig. 13). The catalyst can be coated
on the membrane or GDL with the mg cm™> to pg cm ™ scale
catalyst covering.”® Moreover, the half-cell GDE technology can
operate at a high current density of more than 1000 mA cm 2,
which is close to the actual operating conditions. Inaba et al
tested commercial Pt/C catalysts in half-cell GDE and found
that the ECSA measured was almost the same as that in MEA."*?
Recently, Schroder et al. demonstrated that the half-cell GDE
test system is more suitable than RDE for evaluating the mass
activity, activation energy, and current density of IrO, with the
catalyst load at the PEMWE level, and can also be used for
short-term stability testing.’”® In a word, half-cell GDE is a
prospective intermediate test technology for PEMWE.

In recent years, with the expansion of PEMWE technology
in the industry and related developments in chemistry and
materials science, miniaturized commercial water electrolyzers
suitable for laboratory applications are becoming cheaper and
more readily available. The small active area (usually several to
tens of cm”) reduces catalyst consumption to an acceptable
level. Although they are different from the industrial stacks in
scale, the same operating conditions are sufficient to evaluate
the reliability of catalysts in MEA systems. In conclusion, we
suggest that (i) pre-screen high-throughput catalysts quickly by
the RDE test; (ii) develop and improve the intermediate test
technology from RDE to MEA (e.g., the half-cell GDE test
system); (iii) Consider the performance of catalysts in actual
PEM electrolyzers as the evaluation standard for their prospec-
tive application.

5 Summary and outlook

The growth of the PEMWE hydrogen production industry relies
on the innovation and development of anode catalysts. In this
review, we introduce the mechanism in PEMWE, as well as
summarize the advances and status of anode catalysts towards
PEMWE hydrogen production technology. Then, we elucidate
the intrinsic reasons why the superior RDE-level activity and
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stability of anode catalysts are rarely translated into high MEA-
level performance in the PEM electrolyzer. Strategies for bridging
this gap are also provided. To promote the scale up of the
PEMWE hydrogen production technology, the further develop-
ment of anode catalysts needs efforts in the following areas
(Fig. 14):

(i). Rationally designing and synthesizing anode catalysts for
PEMWE. Reasonable design and synthesis of the anode cata-
lysts is the prerequisite for the synergic optimization of cost,
activity, and stability. In the respect of design principle, density
functional theory (DFT) calculation is a helpful tool to simulate
and predict promising anode catalysts. For example, the
adsorption strength of oxygen intermediates, and the position
of the O 2p band center are strongly related to the catalytic
activity of materials. The thermodynamic stabilities of the
potential catalysts and supports can be identified by calculating
their Pourbaix diagrams. Thus, DFT calculation guides us to
efficiently design the catalyst candidate. In addition, effective
synthesis methods can make the catalyst design strategy into
reality. It is essential to exploit multiple synthesis methods to
prepare the catalysts with a specific element distribution,
crystal orientation, crystallinity, or morphology structure, as
well as the catalyst supports with high surface area, conductivity,
and corrosion resistance. Besides, in order to meet the needs of
industrial applications of PEMWE, it is important to develop
macroscopic-scale preparation methods to produce highly uni-
form anode catalysts on a kilogram scale.

(ii). Developing in situ characterization techniques. At present,
the structural evolution, actual active phase, and OER course of
anode catalysts are ambiguous. Thus, in order to reveal the
catalytic/degradation mechanism, researchers have employed
in situ characterization techniques to monitor the structure
evolutions and key reaction intermediates of catalysts. For
example, in situ X-ray diffraction (XRD) can be employed to
observe the transformation in the crystal phase during OER
catalysis. To characterize the electronic structure in real-time
and geometric coordination environment of each element,
near-ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS), in situ XAS, and in situ Raman spectroscopy are
powerful tools. The source of the O atom in the O, product can
be determined by '®0 isotope labelling coupled with in situ
differential electrochemical mass spectrometry (DEMS).
By combining the results obtained by in situ characterizations,
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we are getting closer to the clarified catalytic/degradation
mechanism. However, the reality must be acknowledged that
technical bottleneck remains for in situ characterization. On the
one hand, it is urgent to develop in situ characterization
techniques with higher resolution, stronger signal sources,
and more accurate selected areas to obtain more accurate
structural information. On the other hand, the high criteria
for reactors restrict the availability of in situ characterization
techniques. Taking the PEMWE anode catalysts as an example,
it is difficult but necessary to design the matched in situ reactor
to simulate the PEMWE operating conditions.

(iii). Taking the long-term stability under high current
density into account. The stability of the catalytic material
fundamentally affects the lifetime of PEMWE, thereby deter-
mining whether the anode catalyst possesses industrial practic-
ability. However, the importance of stability is ignored in the
pursuit of low-cost and active anode catalysts. When assessing
the durability in the laboratory, researchers measure the short-
term stability at a low current density (10 mA cm™*) by
chronopotentiometry or chronoamperometry. However, the
operating current density of PEMWE is more than 1 A cm ™2,
and the lifetime is measured in years. Obviously, current
testing methods in the laboratory are not competent for identi-
fying the applicable catalyst used in PEMWE. Therefore, the
long-term stability of the anode catalyst at a higher current
density is crucial to be tested in the laboratory. The conven-
tional glassy carbon electrode may no longer be suitable
because it is prone to be passivated at high voltages. The anode
catalysts can be drop-casted on the substrate with high corro-
sion and oxidation resistant, such as carbon paper, carbon
cloth, and titanium felt. Furthermore, and more directly, the
durability of MEA constructed using anode catalysts can be
tested under practical operating conditions to identify the
applicability of anode catalysts for PEMWE.

(iv). Adding MEA-level tests into the performance evaluation
protocol. Although the three-electrode cell test system is cap-
able of rapidly identifying promising catalysts, these catalysts
are most likely not applicable to PEMWE. This is due to
discrepancies in testing/operating conditions (e.g., pH, tem-
perature, pressure, voltage). For example, the test voltage of the
RDE test system hardly exceeds 1.5 V vs. RHE due to the
limitations of the measurement equipment and artifacts. As a
result, it is impossible to assess the activity and stability of the
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catalyst at the high-voltage operating conditions (~2 V) for
PEMWE. In addition, the structural stabilities of the anode
catalysts will face severe tests under the high-temperature
conditions for MEA, during which the degradation behaviors
(e.g., Ir leaching, irreversible oxidation, nanoparticle agglo-
meration, structure collapse) will be aggravated. The instability
of the anode catalyst at high temperatures is fatal to MEA,
unfortunately, it is difficult to be predicted accurately in the
RDE test system. It can be seen that the MEA test is necessary to
identify whether the anode catalysts can actually be applied in
PEMWE, no matter how long it takes or how much it costs.
Therefore, we can preliminarily screen the active and stable
catalysts by the RDE test system, then, further, measure the
performance and lifetime of candidates in MEA to identify
the anode catalysts that can meet the demands of industrial
applications.
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