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Proton exchange membrane water electrolysis (PEMWE) is a favorable technology for producing high-
purity hydrogen under high current density using intermittent renewable energy. The performance of
PEMWE is largely determined by the oxygen evolution reaction (OER), a sluggish four-electron reaction
with a high reaction barrier. Nowadays, iridium (Ir)-based catalysts are the catalysts of choice for OER due
to their excellent activity and durability in acidic solution. However, its high price and unsatisfactory elec-
trochemical performance severely restrict the PEMWE'’s practical application. In this review, we initiate
by introducing the current OER reaction mechanisms, namely adsorbate evolution mechanism and lattice
oxygen mechanism, with degradation mechanisms discussed. Optimized strategies in the preparation of
advanced Ir-based catalysts are further introduced, with merits and potential problems also discussed.
The parameters that determine the performance of PEMWE are then introduced, with unsolved issues
and related outlooks summarized in the end.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The increasing demand for green and sustainable energy calls
for the search for green energy carriers [1-4], i.e., exploiting re-
newable energy resources like wind, solar, and hydropower [5].
These resources, however, suffer from a huge limit due to intermit-
tent availability in time- and space-insurmountable disadvantages
that make it difficult to meet specific usage scenarios [6,7]. Hydro-
gen molecules, with high energy density and clean nature, are one
of the most promising energy carriers. H, generation is currently
produced almost entirely through steam reforming using fossil fu-
els [8], accompanied by the usage of 6% global natural gas and 2%
global coal [7]. In contrast, water electrolysis that converts water
into H, could produce green H, at a large scale and high purity
[9]. Water splitting coupling renewable energy also offsets the in-
termittent limit of these energy resources in time and space with
great promise [5,10].

Water electrolysis is made up of two half-cell reactions, the
hydrogen evolution reaction (HER) at the cathode and the oxy-
gen evolution reaction (OER) at the anode [8,11,12]. The HER that
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involves the transfer of two electrons and the formation of sim-
ple intermediates is relatively easy to occur. The OER, however, a
four-electron transfer process with multiple intermediates, poses a
great limit in reaction kinetics and energy efficiency of the whole
water splitting process [13,14]. It thus requires a higher voltage
than the theoretical limit of 1.23V vs. RHE to proceed with OER.
The electrocatalysts can play a key role in accelerating the transi-
tion of intermediates and reducing the overpotentials (1) of OER
electrocatalysts [15-17].

The pH of electrolytes poses a great effect on the reaction path-
ways of OER, which determines the reaction rate of the whole wa-
ter splitting [18-22]. In alkaline electrolytes, free hydroxyl groups
(OH™) are adsorbed, oxidized, and converted into H,O and O,
[18]. In acid solutions, the initial break of the covalent O-H bond
of H,O needs to proceed for oxidizing H,O and generating O,
which consumes extra energy to trigger the following reaction
[22,23]. Despite favorable reaction kinetics for alkaline electrolytes,
acidic OER based on proton-exchange membrane water electrol-
ysis (PEMWE) technology, also presents some crucial characteris-
tics, compatible with highly fluctuating energy (a rapid response in
10s) [8,18]. Compared with other ion membranes, modern PEMWE,
consisting of perfluorinated sulphonic acid copolymer membranes,
delivers a much smaller gas crossover, promising for a low gas
mixture of H,/O, (99.999 vol% H,) for safe operation [7,13,24].
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Furthermore, such a sandwich structure of anode, proton-
conducting polymer electrolyte, and cathode, namely membrane-
electrode assembly (MEA), promotes proton transfer, thereby lead-
ing to low ohmic resistivity and high current density (operated
over 2 A/cm?) [8,25]. Moreover, a compact energy storage and con-
version system can be designed via coupling PEMWE cells and PEM
fuel cells (PEMFCs) [7,8]. Given water disassociation and adsorption
restrained by H,/O, gas bubbles, externally applied fields, such
as gravity [26], centrifugal acceleration field [27], and a magnetic
field [28], can be used to assist gas bubble desorption. Besides, the
properties of catalyst layers are essential to favor water disassoci-
ation and adsorption. The introduced Mo at IrMo intermetallic can
form stable-adsorbed OH intermediates due to a thermodynami-
cally favorable water dissociation process [29], which is beneficial
to the following reaction routes. These favorable features above at-
tract much attention to PEMWE for green hydrogen production.

However, some fatal factors, especially strong acids and a high
oxidation environment, pose a big restriction on electrocatalyst
selection in PEMWE [16,30]. Typically, Ir-based catalysts appear
as one of the most favorable alternatives used in OER due to
their high anticorrosion merits, excellent catalysis activity and high
electronic conductivity [15,31,32]. However, the low abundance in
earth and the high cost of Ir restrict it from commercialization.
Nowadays, it is thus essential to explore low-loading Ir catalysts
with high catalysis activity and stability for reducing the price used
in OER [33,34]. Two fundamental features, namely active site den-
sity and intrinsic activity, have aroused wide attention to increas-
ing the usage of Ir as much as possible [35]. For example, some
strategies from composition optimization [29,36,37] to structure
and morphology modification [38-40] are adopted to improve the
catalytic activity and durability in acid solution. As a matter of fact,
the understanding of Ir-based catalysts is still not enough to eluci-
date the catalytic mechanism of Ir-based electrocatalysts, and thus
the mechanism-guided exploitation of low-Ir electrocatalysts is still
lack.

In this review, we summarize the recent progress of Ir-based
electrocatalysts for acid OER to shed light on its catalytic mecha-
nism and structural design. First, the reaction mechanisms for acid
OER are analyzed to determine the key effect of Ir sites on OER
with high activity and stability. We then discuss some key descrip-
tors to evaluate the stability and activity of Ir-based OER catalysts.
Following that, some typical strategies along with their mechanism
are highlighted for designing advanced catalysts as well as intrin-
sic structure-performance relationships. Apart from some great ef-
forts in Ir-based OER catalysts, advanced characterization methods
are commented to comprehend their catalytic mechanism conve-
niently. Finally, the challenges and perspectives of Ir-based OER
catalysts are under debate to shed insight into advanced low-Ir
catalysis for acid OER.

2. Catalytic mechanism under acid condition

The four-electron transfer of OER at anode poses a great over-
potential on electrocatalysts, which demand a higher potential to
initiate such a four-electron transfer. Meanwhile, such a high po-
tential causes the overoxidation of electrocatalysts and further el-
ement dissolution. These complex processes and factors on a four-
electron transfer and high potential impose much uncertainty on
their catalytic mechanism. Therefore, the exploration of high activ-
ity and stability of electrocatalysts under acid conditions is pivotal
to promote oxygen production efficiency [41-43]. Nowadays, it is
generally accepted pathways for OER in acid solution are adsor-
bate evolution reaction (AEM), lattice oxygen mechanism (LOM),
and novel oxide path mechanism (OPM) [16,30,44,45]. However,
the basic principles of electrochemical water decomposition are
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still blurry, which do not meet the basic request for the rational
design of electrocatalysts with high activity and stability.

2.1. Reaction routes

2.1.1. Adsorbate evolution mechanism (AEM)

The well-accepted AEM reveals that the generated oxygen
molecules derive from adsorbed water molecules on the catalyst’s
surface, including three oxygen-containing intermediates, OH*, O*
and OOH* (Fig. 1a). First, one water molecule attacks the active
site, and two successive deprotonation processes occur to produce
OH* and O*, respectively. And then, another water molecule is ab-
sorbed on the O* site coupling the removal of H* from the second
water molecule to form *OOH*. Finally, accompanied by the last
deprotonation process and its desorption, O, is created from active
sites, and meanwhile, active sites reverse back to the initial states
[24,31,46].

H,0* — OH* + H* e~ (M
OH* - O*+H* + e~ (2)
0* +H,0 — OOH* + H* e~ (3)
OOH* — 0, +H* + e~ (4)

Theoretically, the minimum overpotential, which is generally
considered as 0V, is governed by the largest difference between
the free energy difference of neighbor elementary steps [23,47].
Of note, the transformation of oxygen-containing intermediates
poses impressive energy barriers, delivering the overpotential with
a larger value. The universal scaling relationship of OH* and OOH*
is used to describe the binding energy of reaction intermediates
(AGooy = AGoy +3.2V) [48,49]. As a rule of thumb, the binding
energies of reaction intermediates are neither too strong nor too
weak according to Sabatier’s theory [23]. The strong binding en-
ergy of oxygen-containing intermediates leads to the difficulty in
forming OOH*, suppressing the whole oxygen-generated processes;
on the contrary, the weak binding energies restrict the transfor-
mation of OH* to O* [50,51]. Therefore, the optimal binding ener-
gies located on the volcano-top sites need to be modulated for the
minimum overpotential of 370 mV [36,52]. However, to date, much
work claims that an overpotential lower than 370 mV is obtained,
meaning that a popular mechanism plays a vital role in bypassing
the theoretical overpotential limit of AEM theory on OER.

2.1.2. Lattice oxygen mechanism (LOM)

On the contrary of AEM along with stable surface sites for
oxygen evolution processes, LOM route bypasses the formation
of the reaction intermediate of OOH*, breaking the overpotential
limit from the scaling relationship of AGggoy and AGgy. LOM is
triggered by the activation of lattice oxygen (Oy) on its surface
[51,53,54]. The initial two elementary steps of LOM are the same
as that of AEM, namely two successive deprotonation processes for
forming reaction intermediates of OH* and O* (Fig. 1b). Next, the
activated Oy is coupled with O* to produce an O, molecule after
the desorption of O-O species on the active site. Afterward, the
vacancy (Oy) left by Oy is attacked and refilled by another water
molecule [55]. Accompanied by the removal of the proton of this
water molecule, active sites are returned for the following cycles
[56-58].

H,0* — OH* + H* + e~ (5)
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Fig. 1. Schematics of OER mechanisms. Schematic illustration of simplified OER mechanisms. (a) The AEM. (b) The LOM. (c) The OPM. Reproduced with permission [67].
Copyright 2021, Springer Nature. (d) Frequency at which each element appears in acid-stable oxides. Elements with zero frequency are shaded in gray. Lanthanoids and
actinoids are omitted for clarity because no oxide containing these elements was predicted to be stable. Reproduced with permission [95]. Copyright 2020, American
Chemical Society. (e) SEM images with cross section and top view (0.2 mg;/cm?yga), (f) homogeneous catalyst layer (>1 mg;/cm?yga), () a thin, inhomogeneous catalyst
layer (<0.5 mg;;/cm?yea), (h) the replacement of Ti porous transport layer by microporous carbon layer. Reproduced with permission [97]. Copyright 2018, The Author(s).

OH* - O*+H" +e~ (6)
0* 40, — 0, + Oy (7)
Oy +H,0—- 0L +H*+H"+ e (8)
H* - * L Ht4 e~ (9)

Though lattice oxygen participating in oxygen evolution re-
action effectively reduces the transformation barriers of oxygen-
containing intermediates, the relatively high O 2p band energy,
corresponding to high-LOM-triggered activation states [30,59], im-
poses structural instability. In general, the d band of metal is lo-
cated on the top of the O 2p band, and continuous oxidation
of cations leads to the decline of Fermi level until aligning with
0,/H,0 redox potential, which initiates the O;-participating OER.
Usually, increasing M-O bond covalency and oxygen vacancy den-
sity enables to modulate Fermi levels lower than that of 0,/H,0
redox potential [60-63], beneficial to water oxidation. Such a pro-
cess can result in the easy escape of lattice oxygen and metal
species from catalyzers, namely structural instability. For an ideal
catalyzer utilized in OER, a trade-off between activity and stability
needs to be balanced via customizing AEM and LOM.

2.1.3. Oxide path mechanism (OPM)

Ideally, direct O-O coupling without the participation of lattice
oxygen can maintain high activity and structural stability under
OER at the same time [64-66]. Intensive researches announce the
breakthrough of their overpotential uninvolving lattice oxygen. One
pathway of skipping the formation of OOH*, namely OPM, is pro-
posed to elucidate the evolution of oxygen-containing intermedi-
ates for heterogeneous catalysis (Fig. 1c). Similar to AEM and LOM,
first, one water molecular attacks active sites with the removal of
proton to form OH* and O*. Meanwhile, another similar reaction
occurs on the neighbor active sites for forming O*. Finally, two

neighbor O* moieties are directly coupled into O-O species, and
accompanied by the release of 0-O species, O, molecules are ob-
tained.

OPM skips the formation of OOH*, delivering relatively low re-
action barriers lower than 370 mV for breaking the theoretical limit
of the scaling relationship [67]. Compared with AEM (single ac-
tive site), it is necessary to elaborately modify the distance of two
neighbor active sites for direct coupling of O* species. The inter-
atomic M-M distance is too big to trigger the direct coupling of
two neighbor O* moieties under OPM theory [68]. Thus, the grand
challenge of OPM is the geometric configuration of active sites for
benefiting the direct coupling of O* moieties.

2.2. The dissolution issue for Ir-based catalysts

2.2.1. The challenge in detecting and analyzing its dissolution
mechanisms

Activity and stability of Ir-based catalysts for OER are the ma-
jor concerns for practical application, which keep a reverse rela-
tionship intuitively. Intensive efforts are developed to oxidation-
state changes of catalysts, including Ir catalysts, which are con-
sidered as the driving force of oxygen evolution processes [69].
The increase in applied potentials on Ir catalysts leads to charge
storage on active sites [70], which further induces the adsorption
of oxygen-containing intermediates on active sites [71,72]. There-
fore, on the initial states, applied potentials on the anode cause
the increase of oxidation of Ir sites. Since its complex intermedi-
ates along with four-electron transfer may become unstable under
service conditions, Ir catalysts suffer from the element dissolution
and thereby performance degradation. Nowadays, it is generally ac-
cepted that the participation of Ir''' species and the formation of
volatile IrV! species are two main Ir dissolution routes under oper-
ation [56,57,73,74].

The grand challenge in determining the Ir dissolution mecha-
nism is to probe the transformation of interfacial intermediates
during OER. To date, S-numbers [75,76] are accepted as unifying
experiment parameters to measure the dissolution rate of metal as
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Reproduced with permission [81]. Copyright 2014, Wiley.

the following equation:
Mo, (OER) (10)
nlr(dissolved)

S — number =

Here, ng,ogry and Nyygissolved) are the evolved O, molecules and
dissolved Ir atoms, respectively. Though S numbers metrics relate
the activity and stability from a macroscopic scope, it still lacks a
detailed explanation for the trigger of the onset of OER and steady-
state dissolution based on short-lived intermediates.

Further, Kasian et al. [77] designed a scanning flow cell (SFC)
coupled with differential or online electrochemical mass spectrom-
etry (DEMS/OLEMS) and inductively coupled plasma mass spec-
trometry (ICP-MS) to probe the transformation mechanism of in-
termediates and elemental dissolution. However, the authors did
not get such a conclusion that activity and dissolution kept a re-
verse relationship. OER on the anodic reaction and oxidation of
Ir sites were not inter-competing responses, meaning that activ-
ity and stability enabled to reach optimization in the meantime.
For metallic Ir, reactively sputtered IrO, and thermally formed IrO,,
the authors [77] observed that O, molecules and IrO; formations
and the dissolution of Ir atoms (Figs. 2a-c) were accompanied by
the increase of current density. In contrast with thermally formed
IrO,, metallic Ir at the identical current density conditions deliv-
ered a higher dissolution, which was about two orders of mag-
nitude than that of thermal oxide. Reversely, the detected poten-
tials at the anode for metallic Ir were lower than that of ther-
mally formed IrO, at the identical current density. For metallic Ir,
low potentials, corresponding to low current density, triggered the
domination dissolution of Ir atoms. In combination with the results
from OLEMS, at the onset of OER, the polarization of Ir induces the
formation of Ir'!, which is directly soluble. Subsequently, the sol-
uble Ir'" is further oxidized as IrO,, why metallic Ir shows a rel-
atively high dissolution rate of Ir atoms. Of note, the soluble Ir'!
formation is accompanied by the vacancy density, which is ben-
eficial to the incorporation of oxygen atoms with the aid of ap-
plied potentials. Therefore, with the increasing coverage of oxide
layers on metallic Ir, the formed IrO, phase becomes stable with
high dissolution resistance. Similarly, reactively sputtered IrO, also
shows such a reaction trend due to the formed IrOx with low va-

cancy density. However, its activity and dissolution of Ir atoms are
superior to that of metallic Ir.

Thermally formed IrO, with a rutile structure is ascribed to the
second dissolution route [56,77-79]. In sharp contrast, the dissolu-
tion of Ir atoms is almost linearly related to current density, which
is accounted for the formation of IrOs; (Fig. 2d). thermally formed
Ir0, shows a low reactivity activity but a low dissolution. At the
initial stage, water adsorption and further deprotonation at Ir ac-
tive sites led to the formation of OH* species, which caused the
oxidation of Ir center sites into IrVO,(OH) intermediates. Ir cata-
lysts are considered as potential responses to activity and stability
due to the charge-storing mechanism at Ir center sites. The further
increase in potentials led to the formation of IrV'03 intermediates,
which can be further decomposed as O, and IrO,, or dissolved as
Ir042~ species. Two universal dissolution routes can play a pivotal
role in the whole OER, depending on the applied potentials, nature
of catalysis and surface defects [73].

Corresponding to two dissolution routes of Ir atoms, the Tafel
slope is also another vital parameter to reveal its reactivity route
[73,80]. The high Tafel slope means that OER proceeds mainly via
AEM, such as Pt and Pd catalysts (Fig. 2e), whose lattice oxygen is
not involved in the transformation of intermediates [81]. On the
contrary, a low Tafel slope corresponds to high reactivity activ-
ity, involving the participation of the surface oxide layer. In other
words, the surface oxide layer is correlated with dissolved interme-
diates according to the two dissolution routes mentioned above.
Besides OLEMS coupled with ICP-MS and the Tafel slope, other
methods and techniques, such as in situ X-ray absorption spec-
troscopy (XAS) and cyclic voltammetry, are also helpful to detect
the structural evolution and the transient transformation route of
intermediates [82-85].

2.2.2. The key factors on catalysts for the dissolution of Ir atoms
Apart from operation conditions, the confirmation of the nature
of catalysts is also a great contribution to understanding and pro-
mote the development of highly stable Ir catalysts with accepted
activity. Intensive efforts have determined the effect of the nature
of catalysts on the dissolution of Ir atoms, deciding which route is
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an alternative for the transformation of intermediates and its dis-
solution mechanism [58,77,81,86].

As discussed above, the composition and crystallization of Ir-
based catalysts enable to trigger different dissolution mechanisms
of Ir atoms, namely direct dissolution, and overoxidation, respec-
tively (Fig. 3a). Correspondingly, two dissolution routes are de-
scribed as the following equation [87]:

Direct dissolution:

Ir— Ir3* 4+ 3e~ (E=1.156 V+0.019log[Ir3*]) (11)
Overoxidation:
Ir,03 + 5H;0 — 2Ir042~ + 10H* + 6e~ (E=1.680V
- 0.0986logpH + 0.01971og[1r04>"]) (12)

Presumably, the essential reason for facing different dissolution
routes for Ir-based catalysts is the difference in vacancy density on
their surface [56]. In addition, the crystal orientation of metallic Ir
is also pivotal to the activity and stability of OER [88]. Given mor-
phologies, Ir(210) is atomically rougher than Ir(111) with the den-
sity of coordination atoms range as Ir(111) < Ir(210) < nanostruc-
tured Ir(210). Ir3+ atomic fraction on the surface after chronoam-
perometric steps decreased with the increase of applied potentials,

and the quantity of dissolved Ir atoms was more evident at 1.7V
than at 1.6V (Figs. 3b-d). Nevertheless, the Ir dissolution rate after
chronoamperometric steps at 1.6V was bigger than that at 1.7 V.
Ir, Ir3+ and Ir>* coexisted at the wide potential window, and the
generated Ir3+ had a trend to be transformed into IrO, on the sur-
face. This is also why nanostructured Ir(210) displayed a high Ir
dissolution quantity in the electrolyte and high activity. Compar-
atively, low activity and Ir dissolution were observed on Ir(111).
We can conclude that an outstanding catalyst should display an
Ir dissolution with “neither too fast nor too slow”. Ir3+ is also a
bridged intermediate to relate activity and stability. At the initial
stage, metallic Ir can generate abundant Ir3*, which caused severe
Ir dissolution. However, subsequent oxidation of Ir3+ into IrO, on
the surface also contributes to high activity.

The deprotonation on and near the surface poses a vital ef-
fect on the transformation barriers of oxygen-containing interme-
diates and Ir dissolution [75,89-92]. Given soluble intermediates
of HIr™O,, Ir042~ species and so on, water adsorption and incor-
poration are key processes to correlate stable IrOx phase and Ir
dissolution. IrOx catalysts act as electrophilic agents, mainly 0"~
functional groups [57,75], to accumulate electron holes for water
attack. Subsequently, protonated IrOx becomes a nucleophile for
the following OER along with the deprotonation processes. Though
hydrate IrOx can effectively reduce the transformation barriers of
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oxygen-containing intermediates, it enables to lower the coordina-
tion number of Ir atoms for high Ir dissolution. Mom et al. [57] de-
signed a series of IrOx with different amounts of u,—0 moieties
and /¢1-0/u,-0 mixture for variations in deprotonation depth (Fig.
3) to modify the barriers of oxygen generation and Ir dissolution.
The definition of (-0 is the coordinatively unsaturated sites on
its surface and subsurface; w,-0O corresponds to the bridged oxy-
gen with two Ir atoms; 3-0 is related to coordinatively saturated
sites, commonly existing in the bulk. The various oxygen structures
in IrOx reveal that neighbored Ir will deliver a charge compen-
sation for different types of oxygen atoms (Figs. 3e and f). Thus,
u1-0 and w@,-0 moieties can fasten the deprotonation processes
for relatively low OER barriers, but a weak bridge between Ir and
0 atoms with high Ir dissolution.

Similar work was done by Grunwaldt et al. [56], who proposed
a strategy of increasing Ir-Ir interaction via modulating oxygen va-
cancy of IrOx. They observed that the increase of Ir-Ir interaction
via the calcination of IrO, and oxygen removal was beneficial in
promoting dissolution stability (Fig. 3g). Essentially, the increase
of Ir-Ir bonds is still in the framework of modulating ,-0/u,-0
mixtures on its (sub)surface for the trade-off between activity and
stability. Nevertheless, the generated oxygen vacancy can be ful-
filled by oxygen atoms of water molecules again, and thus the re-
sulting fading in catalytic activity is ascribed to the reduced con-
ductivity or the dissolution of Ir sites. It is suggested that the
construction of stable oxygen vacancy is effective in simultane-
ously improving catalytic activity and stability. In addition, the for-
mation of stable hydrate IrOx, such as HxIrOs; [93] and HxIrO4
[94], is also an alternative route for its long-term operation, which
was determined by Pearce and Perez et al. These hydrated IrOx
phases are characterized with abundant tunnels for proton inser-
tion/extraction. The as-prepared hydrated IrOx displayed high sta-
bility, which avoids direct coupling of protons from water incorpo-
ration with a certain volatility. These researches above mainly fo-
cus on the improvement of Ir dissolution resistivity, ultimately get-
ting a balance between activity and stability. Indeed, the common
phenomenon is the inverse relationship of activity and Ir dissolu-
tion, essentially ascribed as the modulation of electronic structures
of Ir active sites. To promote activity and Ir dissolution resistivity
in the meanwhile, partial replacement of Ir atoms of IrOx catalysts
is used to increase the interaction of Ir-M bonds, and the neigh-
boring oxygen atoms around Ir active sites are activated for the
water incorporation. Thus, it is promising to become active for IrOx
catalysts on the premise of low Ir dissolution. Yang et al. [85] uti-
lized Re to dope IrO, in the form of Re-O,-Ir bonds (Fig. 3h). The
confined Re atoms enabled to suppression Ir dissolution via strong
Re-Ir interaction. The authors announced that the hybridization or-
bits of Re 5d and O 2p bands were broadened for water attack
and incorporation, thus exhibiting a low overpotential of 255 mV at
10mA/cm? and maintained 170 h under acid solution. These works
revealed that the modulation of electrical structures is a double-
edged sword for activity and stability, which also shed light on Ir
dissolution mechanism for breaking inverse relationship between
activity and stability.

2.3. The strategies for stability and activity

Generally, the Ir leaching is involved in LOM, during which lat-
tice oxygen participates in OER. Essentially, for LOM-involved ox-
ides, O 2p orbitals may not form a hybridization orbital with d
orbitals of metal, and thus the as-formed oxygen non-bonding or-
bitals are higher than M-O hybridization bands. When oxygen non-
banding orbitals are higher than the filled lower Hubbard band,
these oxygen sites can act as redox centers for electron extrac-
tion. Further, accompanied by the generation of oxygen vacancy,
exposed metal active sites become undercoordinated, tending to
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trap oxygen atoms and form a close catalytic cycle. However, un-
dercoordinated sites can be also etched due to the charge equilib-
rium and compensation. It signifies that oxygen vacancy generation
and oxygen filling are inter-competing for dissolution and dissolu-
tion of cations. The fast oxygen vacancy generation rate not only
poses trouble to its stability but also suppresses its electrical con-
ductivity. For relieving LOM-involved reactions, the confinement of
active lattice oxygen sites and the increase of the formation en-
ergy of oxygen vacancy are the alternatives to lower oxygen non-
bonding orbitals.

Compared with relatively high activity for Ir-based catalysts, its
acid-stable property is more attractive. The dissolution of Ir-based
materials still occurs when the applied potential is more than 1.6V
vs. RHE. In consideration of its scarcity and high price, it is urged
to reduce the usage of Ir metal, thus introducing new elements or
phases to favor its electrochemical performance. At the onset of
OER, oxygen-containing species are absorbed on active sites, and
meanwhile, the oxidation of Ir active sites occurs. This structural
evolution is observed in other heteroatoms, which means that the
individual heteroatoms also endure the strong acid and high oxi-
dation state. As done by Nerskov et al. (Fig. 1d) [95], the descrip-
tors of the Pourbaix decomposition free energy (AGpp,y) are used
to evaluate the stability of metal oxide. Based on the high-through
screening of Materials Project data, they identified 68 likely acid-
stable candidates during the O, evolution process. Meanwhile, the
elements of Sb, Ti, Sn, Ge, Mo and W can endure such harsh cir-
cumstances, signifying that they can be alternatives as doping ele-
ments or supported materials.

Besides, the conductivity in sluggish kinetics of multistep pro-
cesses is also a grand challenge for highly effective O,-evolution
catalysis, which is vital to activity. On one hand, catalysts with
high intrinsic conductivity are prepared via the choice of electrical
supporters and elemental doping. Strasser et al. [96] used nanos-
tructured Ir nano-dendrites supported on antimony-doped tin ox-
ide (ATO) for efficient and stable water-splitting catalysts. ATO is
reported as relatively high electronic conductivity, which can fas-
ten electron transfer among Ir sites. Element doping is also a favor-
able strategy to adjust electronic structures and enhance their in-
trinsic conductivity. For perfectly latticed IrO,, the stable coordina-
tion surroundings around Ir sites determine stable electron num-
bers, thus leading to a relatively weak electron transfer. The in-
troduced heteroatoms can break such an electron equilibrium and
donate electrons to active sites, thus enhancing the electron trans-
fer and suppressing its over-oxidation [33]. On the other hand, a
catalyst-coated membrane with high conductivity should be real-
ized for a continuous conductive network, commonly via high Ir
mass loading. Even if the catalysts can confer a high electrical con-
ductivity, the weak contact resistance from the discontinuous Ir-
based catalyst layer also consumes enormous energy. The authors
[97] compared the role of a homogeneous and a thin, inhomoge-
neous IrO, catalyst on electronic contact in Figs. 1e-h. As shown in
Fig. 1f, homogeneous IrO, catalysts (>1 mgy/cm2yga) delivered a
high in-plane electronic conductivity, however, the inhomogeneous
IrO, catalysts (<0.5 mg/cm%yga) imparted some resistance from
in-plane and cross-section. Further, they replaced the Ti porous
transport layer with the carbon porous transport layer for supe-
rior electronic contact, whereas the carbon porous transport layer
is easy to dissolve. Therefore, a homogenous Ir distribution tech-
nology needs to be developed for forming a continuous conductive
layer with low Ir loadings.

Effective evaluation of catalytic activity for OER as well as their
durability under operation is key to analyzing and understand-
ing structural evolution and failure mechanism. Apart from ICP-
MS coupled with DEMS for transient dissolution of active sites
above, XAS enables to detection of the chemical state and elec-
tronic properties when it comes to determining the specific struc-
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Fig. 4. The alternative methods for boosting the performance of Ir-based catalysts
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ture change of water electrolysis catalysts under service condi-
tions. XAS can present the fine structure information, including
valent state and local coordination structure via X-ray absorp-
tion near edge (XANES), and the extended X-ray absorption fine
structure (EXAFS), further deducing the electron transfer and iden-
tifying the real active sites. To provide the information of sur-
face state under operation, near-ambient pressure X-ray photo-
electron spectroscopy (nap-XPS), which can detect the atomic in-
formation at the catalysts/liquid interfaces under ~20 mbar of
gaseous species, provides insight into the catalyst behavior un-
der electrified condition for real operation. In-situ Raman spec-
troscopy is also a powerful tool to detect key intermediates as well
as their evolution to reveal the catalytic routes. The oxygen evo-
lution process is complex and needs various coupled characteriza-
tion methods under operando conditions to demonstrate the struc-
tural information in real conditions, especially at their solid/liquid
interfaces.

3. Ir-based electrocatalysts for OER

In consideration of the optimized trade-off between activity and
stability, Ir-based catalysts are one of the most promising materi-
als to be applied to practical water splitting. Nevertheless, its re-
serves and cost pose a grand challenge to the wide usage on wa-
ter splitting. Thus, the common routes are to boost its activity and
stability via structure optimization [94,98], morphological control
[99-102], elemental doping [103,104], catalyst-supported regula-
tion [105,106] and crystal phase design [107-109] as described in
the following sections (Fig. 4). Accordingly, the intrinsic activity of
Ir sites and anti-dissolution activity get improved. In the mean-
while, we summarize the status of Ir-based catalysts as listed in
Table 1.

3.1. Structure optimization

IrO, has long been used as the benchmark to measure the ac-
tivity and stability of catalysts for OER. Of note, metallic Ir will
evolve into IrO, during OER, and thus more attention is paid to
IrO, catalysts. As shown in Fig. 5a [110], the direct dissolution
via Ir(OH)3 occurred at the initial stage; alternatively, soluble IrO
due to the overoxidation is generated on high potentials. Indeed,
the electronic structure of Ir active sites poses a vital role in sup-
pressing soluble species and promoting the fast transformation of
oxygen-containing intermediates. Both AEM and LOM are involved
with OH* during OER. Shao et al. [111] used a robust synthetic
route referred to as the “mechano-thermal” method for iridium
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metalline oxide (1T-phase-IrO,) as shown in Fig. 5b. The X-ray
diffraction (XRD) results in Fig. 5¢ showed that sharp Bragg diffrac-
tions at ~12.81° corresponded to the (0001) diffraction plane of
1T-IrO, phase with a layered structure along the c-axis. Based on
the determination of an AA-stacked structure and an Ir-Og (2.00A)
and Ir-Irg coordination shell (3.12A) in the as-prepared 1T-IrO, cat-
alyst, one can observe that Ir active sites on the surface were in the
form of Ir3+ species. Hence, the accumulation of OH* at the initial
stage on the interface of the 1T-IrO, catalyst was boosted, which
effectively reduced the transformation barriers of subsequent OH*
dissociation to O*. Presumedly, Ir3* species on the surface can ini-
tiate the adsorption of OH* and break the limit of rutile IrO, on
the penitential-limiting step of OH* to O* species. The authors
claimed that the 1T-IrO, phase and a layered structure delivered
the catalyst with a favorable performance (197 mV@10 mA/cm?
and 45h@50 mA/cmgeo?) (Fig. 5d). Though a detailed analysis of
phase structure is displayed, an obvious difference in layered struc-
ture for 1T-IrO, also contributed to its oxygen evolution processes
in comparison with rutile IrO,. The layered structure formed a
continuous conductivity network, beneficial to fast charge trans-
fer among Ir sites. Thus, the specific phase structure and contin-
uous conductivity network synergistically contributed to outstand-
ing performance.

Similarly, Herranz et al. [112] explored the effect of surface Ir>*
on Ir oxides for O, evolution (Fig. 5e). IrO, catalysts, regardless
of the oxide types, crystalline structure, and surface composites,
underwent interfacial oxidation and were stabilized in the form
of Ir>* states. Meanwhile, the formed Ir>* states were consistent
with the onset of 0, evolution, hinting at the involvement of Ir>+
states in the transformation of oxygen-containing intermediates.
Further, Zou et al. [47] introduced Sr element into IrOx for open-
framework iridates. Metastable strontium iridates triggered the ex-
change of Sr?+ with H*t ions and the structured rearrangement
for open-framework IrOxHy (Fig. 5f). Such a formed structure was
favorable to the oxidation of hydroxyls and the coupling of 0-O
bonds. Thus, the iridate maintained its catalytic activity for more
than 1000h at 10 mA/cmgeo?. Actually, defect density [56,74], oxy-
gen types [40,57], and joint types of unit cell [40,93,94,107] pose
the key roles on the O, evolution kinetics and stability of Ir-based
catalysts.

3.2. Morphological control

Active site density and electronic conductivity are two im-
portant factors for the fast kinetics of oxygen evolution process
[100,113-116]. Essentially, OER is a proton-coupled electron trans-
fer process, strongly dependent on the synthetic effect of pro-
ton and electron kinetics [117-119]. Commonly, morphological con-
trol is a favorable choice to boost the catalytic performance of
Ir-based materials, presumably via exposing more active sites for
fast proton kinetics [21,120,121]. Additionally, the manipulation
of morphological structures constructs an electron transfer tun-
nel for high in-plane conductivity in catalytic layers, thus lower-
ing the ohmic resistance among catalysts. Nowadays, various mor-
phologies are proposed, such as zero-dimensional nanoparticles
[122,123], one-dimensional nanowires [124,125], two-dimensional
nanosheets/nanotubes/nanorods [38,39,126,127], and porous struc-
tures [128,129].

Mohamed et al. [130] dispersed IrOx nanoparticles (IrOx NPs)
on tin-doped indium oxide (ITO) for forming IrOx NPs with high
active surface areas (Figs. 6a and b). Two challenges exist in the
preparation of IrOx NPs, namely the severe aggregation and growth
of nanoparticles and the choice of conductive and cheap support
materials with high corrosion resistance [131]. Mohamed et al. re-
vealed that the coverage of IrOx NPs on ITO (the distances of IrOx
NPs) was reversely related to activity. The as-prepared IrOx NPs
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Fig. 5. (a) The Ir dissolution mechanisms. Reproduce with permission [110]. Copyright 2020, American Chemical Society. (b) Schematic representation of the mechano-
thermal reactor for preparing 1T-IrO,, where the mechanical and thermal operations are controlled simultaneously. The blue and yellow balls indicate IrCl; and KOH,
respectively. (c) Comparison of XRD patterns of 1T-IrO, (red curve), simulation X-ray diffraction peak (yellow curve) of 1T-IrO, and the rutile-IrO, (blue line) (JCPDS No.
88-0288). Reproduce with permission [111]. Copyright 2021, The Author(s). (d) Polarization curves of 1T-IrO,, Rutile-IrO,, and commercial catalysts (C-IrO, and C-Ir/C) in
0,-saturated 0.1 mol/L HCIO, electrolyte with iR-correction. (e) Polarization curves and Ir surface oxidation state with the evolution of applied potential. Reproduce with
permission [112]. (f) Crystal structures of «-SIO, B-SIO, and y-SIO. Reproduce with permission [47]. Copyright 2023, Wiley.
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Fig. 6. High magnification HR-STEM micrographs of (a) CAT-A and (b) CAT-B. Reproduce with permission [130]. Copyright 2023, American Chemical Society. (c) Pictorial
illustration of the crystal structure for the IrO,NR. Reproduce with permission [132]. Copyright 2023, The Author(s). (d) Schematic illustration of the general synthetic process
for amorphous noble metal NSs. Reproduce with permission [38]. Copyright 2019, The Author(s). (e) Formation mechanism of the mesoporous Ir nanosheets. Reproduce with
permission [133]. Copyright 2018, American Chemical Society. (f) Schematic illustrates the impact of multiple oxide-oxide interfaces (present on dnp-IrsqOsso electrodes) on
conductivity. Reproduce with permission [101]. Copyright 2017, The Author(s).
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Table 1
The performance of Ir-based catalysts for OER.
Catalysts Electrolyte Scan rate (mV/s) Overpotential (mV)@10 mA/cm? Tafel slope (mV/dec) Ref.
ZnNiColrMn 0.1 mol/L HClO4 5 237 46 [22]
Ir-MnO, 0.5mol/L H,S04 1 218 59.61 [33]
6H-SrIr0; 0.5 mol/L H,S0,4 0.5 248 - [36]
Amorphous Ir NSs 0.1 mol/L HCIO,4 5 255 40 [38]
110, 0.1 mol/L HCIO, 5 373 112 [38]
Rulr-NC 0.5 mol/L H,S04 5 165 428 [39]
H-y-SIO-1 0.1 mol/L HCIO4 10 200 60 [47]
Pr3lr;_xMox0- 0.1 mol/L HCIO4 5 259 50.52 [51]
a-PN-IN frame/C 0.1 mol/L HCIO, 5 308 47.49 [79]
Li-IrOy 0.5 mol/L H,S04 10 290 39 [86]
Ir NPs 0.5 mol/L HCIO,4 5 290 514 [116]
s1-Mng 051100202 0.5 mol/L H,S0, 1 280 147 [120]
Ir-Co3 04 0.5 mol/L H,S0,4 5 236 52.6 [122]
Ir nanosheets 0.5mol/L H,SO4 5 240 49 [133]
Ir,Sm NPs 0.5mol/L H,S04 5 275 729 [135]
Iro.33SM0,1702 0.5 mol/L H,S04 5 284 54.2 [137]
lrg_06C02_g404 0.1 mol/L HC104 5 300 45 [138]
Plasma-oxidized IrO, 1 mol/L H,SO4 20 280 85 [139]
IrO /Ti 0.5 mol/L H,S0, 5 254 48 [141]
RugsIros0; 0.5 mol/L H,S04 5 151 45 [142]
Ag1/IrOy SAC 0.5 mol/L H,S0,4 - 224 50.43 [143]
GB-Tag,; Tmg 110505 5 0.5 mol/L H,S0, 5 198 64 [144]

reached 1.525V vs. RHE at the current density of 207 +34 A/gy,.
One/two-dimensional and porous nanostructures remain intercon-
nected for efficient electron/proton transfer, attracting much atten-
tion. Shao and his colleagues [132] designed IrO, nanosheets with
a nanoribbon structure using the molten-alkali mechanochemical
method (Fig. 6¢). Such a nanosheet structure exposed abundant
active sites, especially at the edges, which enabled to manipu-
late the adsorption of O* intermediates (rate-determining step) for
the optimal adsorption binding of oxygen-containing intermedi-
ates. And the electrical transport tunnels along nanosheets con-
ferred a high electrical conductivity. The two synthetic factors of
active sites and electrical conductivity delivered IrO, nanosheets
with an overpotential of 205mV at 10mA/cm? and a high stabil-
ity for 500,000s. Additionally, Li and his group [38] constructed
amorphous Ir nanosheets via direct anneal (Fig. 6d), effectively
improving its mass activity as high as 2.5 and 17.6 times corre-
sponding to crystalline Ir nanosheets and commercial IrO, cata-
lysts, respectively (Fig. 6b). On the exploration of two-dimensional
nanosheets, Yamauchi et al. [133] introduced mesopores into the
plane of IrO, nanosheets for unique electronic transport proper-
ties and high specific surface areas (Fig. 6e). They used diblock
copolymer (poly(ethylene oxide)-b-polystyrene, PEO-b-PS) micelles
as a template to induce the assembly of Ir nanosheets. Hence, the
mesoporous Ir nanosheets displayed an overpotential of 240 mV at
10 mA/cm? and a service lifetime of over 8 h at 10 mA/cm?. Though
two-dimensional structures can reduce the contact resistance as
they can, the interfacial contact is still improved via further mor-
phological manipulation. In the meanwhile, two-dimension struc-
tures impose restrictions on water/gas transfer, especially at high
current density, which will retard the reaction kinetics, even at
the premise of high active site density and high conductivity. Kim
et al. [101] dissolved Os element of Ir,50s75 alloy to form a porous
Ir/IrO, with three-dimensionally interconnected structure (Fig. 6f).
It still maintained the integrity of the catalyst layers for a low re-
sistance electron transport, especially in the cross sections of cata-
lyst layers. They observed that carrier mobility governed the con-
ductivity, which can be controlled via the morphologies of Ir;50s75
alloy (conductivity: IrsgOssq < Irp50s75); nonetheless, its activity
was boosted via the dealloying of Os of Iry50s75 alloy due to the
increasingly exposed active sites. Thus, they realized a trade-off
between activity and conductivity via morphology control, achiev-
ing a ~8-fold improvement in activity-stability factor (the ratio be-

tween activity for OER and stability of the oxide materials) relative
to Iry50s75 alloy.

3.3. Elemental doping

Though Ir-based catalysts keep a balance between activity and
stability, Ir active sites still have the disadvantages of the inap-
propriate adsorption binding of oxygen-containing intermediates
and weak anti-dissolution ability [134]. The introduction of het-
eroatoms into Ir-based catalysts can inherit its partial properties to
offset intrinsic activity, electrical conductivity and durability abil-
ity [103,135-138]. The electronic structure in d bands is able to
affect the adsorption ability of oxygen-containing intermediates.
Ideally, when the electron number of anti-bonding eg orbitals in
the d band is close to 1 [54], it is the most favorable for the ad-
sorption energies of the key intermediates. Upon the transforma-
tion of key intermediates, in the meanwhile, Ir atoms can be oxi-
dized, even overoxidized, thus leading to severe Ir leaching [139].
Thus, the heteroatoms can play a key role in modulating the elec-
tronic structures of neighbored Ir atoms, or/and offsetting partial
electrons to neighbored Ir atoms with low dissolution. Yang et al.
[140] introduced Cu into IrO, for modulating d orbital occupation
of IrO, with an effective improvement of oxygen evolution reac-
tion activity. As Cu was doped, the dxy orbital occupied states for
Ir atoms were uplifted. Correspondingly, its antibonding orbitals of
d,, bands were shifted to a lower energy level. In the meanwhile,
its dx; and dy, bands crossed the Fermi level, pushing partial elec-
trons to d,, orbital-occupied states, namely eg number of ~ 1 for
Ir atoms. An eg orbital with an occupation of 1 electron facilitates
the electron overlap between oxygen-containing intermediates and
catalysts. Therefore, the optimized ez occupation states delivered a
low rate-determining step barrier with a high OER activity.

In comparison with crystalline IrO,, Li-dopped IrOx, namely
amorphous Li-IrOx, possessed higher oxidation states along with
shrinkage in Ir-O bonds (Fig. 7a). The formed IrOg octahedrons
in Li-IrOx became electrophilic to lower the barriers of O, evo-
lution. Li-IrOx thus achieved a potential of 270 mV@10 mA/cm?
and a stable operation time of 10 h. Furthermore, to concurrently
boost intrinsic activity and stability, the Ti introduction into IrOx
for abundant Ir-O-Ti motifs enabled to transport electrons from
Ti to Ir (Fig. 7b) [141]. It not only manipulated the electrical ar-
rangement of Ir sites for the optimal adsorption of key interme-
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Fig. 7. (a) LSV curves of rutile IrO, and amorphous Li-IrOx at 1mV/s. Reproduce with permission [86]. Copyright 2019, American Chemical Society. (b) The morphological
structure of Ti-IrOx. Reproduce with permission [141]. Copyright 2023, Elsevier. (c) Crystal structures of Pr3IrO and Mo-doped Pr3IrO; along with the corresponding PDOS.
Reproduce with permission [51]. Copyright 2023, The Author(s). (d) High-magnification image of Rugslrgs0, and its schematic atom structure. Reproduce with permission
[142]. Copyright 2023, The Author(s). (e) The model of Ag/IrOx catalyst. Reproduce with permission [143]. Copyright 2021, American Chemical Society. (f) The schematic
routes for synthesizing GB-Tag;Tmg;Irgg0,.5 nanocatalyst via fast pyrolysis (top) versus nanoparticles without GB via slow pyrolysis (bottom). Reproduce with permission

[144]. Copyright 2021, Springer Nature.

diates but also relieved the overoxidation of Ir sites via the elec-
tron offset. Thus, the Ti atomic doping into IrOx/Ir led to 3.6-fold
and one-order-magnitude improvement in terms of intrinsic activ-
ity and stability with a mass loading of 1.4 mg/cm?. Similarly, Zou
et al. [51] introduced Mo into Pr3IrO; (Fig. 7c). The doped Mo fas-
tened the leaching of Pr for easy surface construction and offset
the charge depletion of neighbored Ir atoms. In the meanwhile,
the formed Ir-Oy;_Mo species acted as strong Brensted acidity to
fasten the deprotonation of oxo intermediates. Thus, the optimal
catalysts reached 10 mA/cmgeo2 with an overpotential of 259mV,
lower than that of the undoped counterpart (309 mV), and long
stability of over 200h with a mass loading of 0.25mg/cm?geo.
To further pursue a high catalytic activity, Shao et al. [142] de-
signed two-dimensional Ru-Ir oxide, which delivered an overpo-
tential of 151@10mA/cm? with a mass loading of ~283pg/cm?
(Fig. 7d). In such a Ru-Ir oxide, the high oxidation state of Ru was
observed to pre-store charge in order to trigger OER at the rela-
tively low applied voltages. For the same purposes as Ru-Ir oxide
above, Du et al. [143] used the direct oxidation of IrAg alloy to
form Ag/IrOy single-atom catalysts (SAC) (Fig. 7e). The Ag atoms in
Ag/IrOx SAC had two roles, namely pre-oxidizing Ir** (x>4) and
preventing the participation of lattice oxygen into O, evolution.
Therefore, the prepared Ag/IrOx SAC delivered an overpotential of
224 at 10mA/cm? and durability over commercial Ir. On account
of the effect of rare-earth elements on Ir-based catalysts, Jin et al.
[144] compared the pyrolysis rate to induce a torsion strain be-
tween grain boundaries (GB) (Fig. 7f). One could observe that the
induced torsion strain and ligand effect from the doped Ta and Tm
atoms led to the favorable modulation of the Ir electrical struc-
ture for appropriate adsorption energy of key intermediates. Thus,
the catalysts delivered an overpotential of 198 mV@10 mA/cm? and
operated stably at 1.5 A/cm? for 500h at the mass loading of
0.2 mg/cm?. Indeed, heteroatoms can module electronic structure
of Ir sites for favorable OER, however, the considerable challenge

10

is the durability of heteroatoms under service conditions. And, its
stability mechanism is confusing and attracts little attention.

3.4. Catalyst-supported regulation

The challenge of O, evolution catalysts has long been the
cost of favorable Ir catalysts due to their scarcity and the activ-
ity related to intrinsic activity and active site density. Two alter-
native routes provide a solution to reduce the anodic cost: de-
veloping the alternatives to Ir-based catalysts and reducing the
mass loading of Ir-based catalysts. Thus, to date, enormous ef-
forts have been developed for the improvement of intrinsic activ-
ity and active site density of Ir-based catalysts for low Ir loadings
[34,97,102,124,128,130]. To pursue highly exposed active sites, self-
standing nanomaterials tend to agglomerate, posing some contra-
diction between exposing enough active sites and forming stable
nanostructures [145-147]. The choice of supported Ir-based cat-
alysts is favorable to well disperse Ir-based nanomaterials, allow
flexible electron transfer between Ir sites and supports and relieve
the dissolution of Ir atoms [148]. Nevertheless, operating condi-
tions bring some trouble to supporters, asking for a high electrical
conductivity and anti-corrosion ability [7,8,149].

Ge et al. [150] anchored Ir nanoparticles on Nb;Os.
(Ir/NbyOs.4) as a model catalyst (Fig. 8a). One could observe that
the optimal Ir/Nb,0s_, reached a current density of 10mA/cm? at
the low potential of 1.448 V vs. RHE, far lower than the counterpart
of Ir NPs (1.515V vs. RHE) (Fig. 8b). Direct spectroscopic evidence
displayed that the average valence states of Nb decreased initially
and increased subsequently with the increase of applied potential,
with the counterpart Ir atoms increasing (Fig. 8c). In the initial
step, the high valence states of Ir atoms via the electron interaction
between Ir and Nb atoms triggered the fast O, evolution reaction
at the relatively low potential. Further, the oxidation of Nb atoms
transferred electrons to offset Ir atoms at high potential, which
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Fig. 8. (a) Schematic structure of Ir/Nb,0s., (b) normalized LSV curves of Ir/Nb,0s., and (c) illustration of the overall dynamic interface effect of Ir/Nb,Os.. Reproduce
with permission [150]. Copyright 2022, Wiley. (d) The morphological structure of Ir-Co3;04. () Polarization curves of Ir-Co304, IrO,, Co304 and C-Co304 in 0.5 mol/L H,S04
at a scanning rate of 5mV/s. Reproduce with permission [122]. Copyright 2022, The Author(s).

prevented the overoxidation of Ir atoms for high anti-dissolution
ability. Additionally, Ma et al. [122] used a mechanochemical
approach to incorporate Ir single atoms into Co304 (Ir-Co304)
as shown in Fig. 8d. It was found that Ir atoms were partially
oxidized as active Ir>4+ species. The formed Ir-O-Co bonds were
electrophilic for key intermediates. As a result, Ir-Co304 exhibited
an outstanding performance (236 mV@10mA/cm?) with a mass
loading of 0.255 mg/cm? (Fig. 8e). Based on the light of supported
Ir nanoparticles and single atoms, it is worth considering the
effect of supporters and Ir-based nanomaterials on the activity and
electron transfer between Ir atoms and supporters [151]. For ex-
ample, M™/M™+1+ supporters are promising to allow the dynamic
transfer to modulate the electron arrangement of Ir atoms; the
intrinsic conductivity of supporters enables to fasten the electron
transfer between supporters and Ir atoms; the distribution of Ir
nanomaterials, such as core-shell structures, imposes a play on its
conductivity, further its activity.

3.5. Crystal phase design

The benchmark of IrO, for OER catalysts still has much im-
provement in terms of activity and stability. The Ir-based per-
ovskite and pyrochlore catalysts contain double metal sites, which
can adjust the electronic structures of neighbored Ir atoms for fa-
vorable adsorption energy of key intermediates [152-154]. Possibly,
the formed Ir-O-M unit cells in perovskite and pyrochlore assist the
fast response to key intermediates and avoid forming direct Ir3+
for low Ir dissolution. Meanwhile, the incorporation of other metal
atoms can effectively reduce the mass loading of Ir metals.

The perovskite structure (ABO3) possesses double metal atoms,
among which A is a rare-earth or alkaline-earth metal ion, and
B is occupied by transition metal ions [155]. Zou et al. [36] con-
structed 6H-SrlrO3 catalysts with face-sharing octahedral dimers,
thus maintaining a highly stable structure under an acid solution
(Fig. 9a). Benefiting from weakened surface Ir-O binding for low
transformation barriers of O* to OOH* due to face-sharing octahe-
dral dimers (Figs. 9b and c). Such 6H-SrlrO3 catalysts effectively
reduced 27.1 wt% iridium, but a 7-fold improvement in Ir mass
activity in comparison with IrO, catalysts (Fig. 9d). Apart from
6H-SrIrO3, Zou et al. [156] also explored the effect of triple per-
ovskites on O, evolution (Fig. 9e). B sites in BazM'M”,0q structure
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contained two types of coordination environments: isolated M’Og
octahedra and face-shared M”,0q9 octahedral dimers. Obviously,
there was a weak interaction between Ir atoms for Ba3Tilr,0q, de-
termined by Figs. 9f and g. Thus, TiOg octahedra enabled to modu-
late the covalency of Ir-O bonds; and face-sharing Ir,Og octahedral
dimers assisted the stability of Ir sites. The activity of BasTilr,Og
catalysts was about 10 times than that of IrO, (Fig. 9g). Similarly,
R positions of Pyrochlore iridates (R,Ir,07) can be occupied by al-
kaline earth and rate earth metal ions, among which R also af-
fects the electronic structure of neighbored Ir atoms. Zeng et al.
[157] tried to explore the effect of R ionic radius on the intrinsic
activity of pyrochlore iridates. One observed that the increased R
ionic radius weakened electron interaction between iridate oxides,
thus promoting Ir-O bond covalency for high O, evolution kinetics.

4. Applications in pemwe

The commercial PEMWE stack (Fig. 10a) is mainly the device for
practical water splitting, which is made up of a single PEMWE cell
as shown in Fig. 10b. Despite performance discrepancy in assem-
bling a single PEMWE cell into a PEMWE stack, a single PEMWE
cell is still pursuing high electrochemical performance with low
contact resistance, fast mass transfer, and high stability, which can
be affected by its main components of the catalysts-coated mem-
brane (CCM) with anode and cathode materials, porous transport
layers (PTLs), bipolar plates (BPPs) and gaskets (Fig. 10c) [158]. A
single PEMWE cell is assembled via the sequence of BPPs, gaskets,
PTLs, CCM, PTLs, gaskets, and BPPs (Fig. 10b). The CCM is the core
of PEMWE, in charge of the catalytic performance of water split-
ting. Commonly, anode and cathode catalysts are sprayed or hot-
pressed on both sides of the proton exchange membrane, namely
CCM [8]. Alternatively, the catalysts are directly deposited on PTLs,
which is necessary to adjust the pore size of PTLs with catalysts for
optimal mass transfer. Upon operation, pure water is fed on the an-
ode, where water is oxidized into O, molecules, protons and elec-
trons. Subsequently, these electrons are transported to the cathode
electrode via an external circuit. Meanwhile, the generated protons
are diffused to the cathode electrode through the proton exchange
membrane. Therefore, the combination of protons and electrons at
the cathode electrodes leads to H, generation. During PEMWE op-
eration, the accumulated O, and H, molecules can be exported and
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Fig. 9. (a) Crystal structure of BasM’'M”,0q. (b) Plot of ELF for Ba;Tilr,0g. (c) COHP of the Ir—Ir bond in BasTilr,Og. (d) Their corresponding LSV. Reproduce with permission
[156]. Copyright 2020, American Chemical Society. (e) The crystal structure of R,Ir,0;. (f) The specific OER activity of R,Ir,0; and IrO, and (g) the corresponding specific

OER activity at 7=300mV. Reproduce with permission [157]. Copyright 2018, Wiley.

Table 2
Key performance of Ir-based anode catalysts in PEMWE.
Catalysts Loadings (mg/cm?) Voltage (V@A/cm?) Stability (h@A/cm?) Temperature (°C) Ref.
Ir-ND/ATO 1 1.80@1.5 / 80 [96]
IrOX/Zr20N2 0.4l 1.927@2 50@1 | [106]
Ti-IrOX/Ir 0.5 1.774@2 220@2 80 [141]
GB-TaxTmylr1-x-y02-§ 0.2 1.766@1, 500@1.5 50 [144]
1.868@1.5,
1.935@2
Sr2CalrO6 0.41r 2.4@6 450@2 80 [155]
Ir 2 1.568@1 | 80 [162]
1.651@2
Ir88Ru12@CM 1 | 120@1 90 [163]
Ir AC/NN 1 1.82@3 90@3 80 [164]

collected via PTLs to fasten their mass transfer. Given the PEMWE
system, the polarization curves are acceptedly used to describe the
required potentials for water splitting via IR compensations with
reasonable simplifications [8]:
V = Ecent + Vact.c + Vact,a + IR (13)
where V, E.qpi, Vacte, Vacta, I and R correspond to the electrolyzer
voltage, open circuit voltage, cathode overpotentials, anode over-
potentials, current density and ohmic resistance, respectively. Wa-
ter splitting is an energy-uphill process, and Egej, Vacte and Vacta,
related to the nature of anode and cathode catalysts, attract wide
attention. Nonetheless, the factor of ohmic-resistance-induced volt-
age drop also plays a grand role in the required potentials at the
electrolyzers. Of note, the model above is solely based on the anal-
ysis of the electrical contribution of individual modules at PEMWE,
and further mass transport, including fed water, proton, and O,/H;
molecules, also suppress water splitting, especially at high current
density [97,159-161]. Table 2 shows some key parameters of the
Ir-based anode for PEMWE.

To push the application of PEMWE based on Ir-based catalysts
at the anode, the reduction of Ir loadings is imperative. Nowadays,
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Ir loading for anode catalysts is as high as ~2 mg/cm?, but fea-
sible Ir loadings should be reduced to below ~0.5 mg;;/cm? when
maintaining its activity and lifetime [162-164]. For a reduction of
Ir loadings to such a degree, however, the formed isolated par-
ticles/clusters prevent the electron transfer among Ir-based cata-
lysts and Ir-based electrodes from keeping much contact with PTLs.
Thus, the extra potentials need to be applied to overcome the bar-
rier of electron transfer among the whole PEMWE system. Intu-
itively, the phenomenon, namely maintaining its activity and suc-
cessive conductive layers, are contradictory when reducing its Ir
loadings. For unsupported catalysts, optimizing and increasing the
activity are still common routes to reduce Ir mass loadings, such
as structural optimization, morphological control, element doping,
and crystal phase design. For supported catalysts, it is a prereq-
uisite for acid-stable supports to well disperse Ir metals. Besides,
one promises that supports are conductive and pose metal-support
interaction for enhancing its activity with the modulation of lo-
cal structure and active sites. Gasteriger et al. [165] suggested con-
structing a relatively high pack density of the Ir catalytic layer with
an equivalent activity (Figs. 10d and e). Based on their specific sur-
face area, the specific surface area of P2X catalysts was ~50 m?/g,
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Fig. 10. Schematic drawings of (a) commercial proton exchange membrane water electrolysis (PEMWE) stack, (b) repeating unit cell, and (c) cell components. Reproduce
with permission [158]. Copyright 2023, American Chemical Society. (d) Averaged polarization curves of the MEAs with the Benchmark anode catalyst and (e) its averaged
HFR values and standard deviation determined from impedance measurements for all cells at three different current densities. Reproduce with permission [165]. Copyright
2022, The Author(s). (f) Projected iridium loading of a 5pm electrode (right-hand y-axis) as a function of the BET surface area of the TiO, support (BET TiO,) for a nominal
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of one flow-field/PTL interface for carbon paper and titanium PTLs vs. compressive force on the PTL. Reproduce with permission [159]. Copyright 2021, The Author(s). (h) A
schematic diagram of an ordered MEA with gradient tapered arrays with its performance. Reproduce with permission [166]. Copyright 2022, American Chemical Society.

lower than the counterpart of the benchmark (~100 m?/g). How-
ever, the thickness ratio of P2X and the benchmark was estimated
as ~2nm/6nm=1/3. Apart from the relatively high intrinsic ac-
tivity of P2X due to its surface amorphous IrO, layer, the suc-
cessive conductive layer was constructed due to its relatively high
pack density. The authors also elucidated the relationship between
contact resistance at the anode/PTLs and the conductivity of IrO,
catalysts [159]. Notably, low Ir-loading catalysts enabled to fulfill
the target of TiO, in Fig. 10f), and thus obtain a successive con-
ductivity layer and reduce Ir loadings. With the decrease of TiO,
support in specific surface area, however, the intrinsic conductiv-
ity of TiO, also dominated the catalysts, severely suppressing the
electron transfer. Besides, contact resistance can be affected by ap-
plied compressive force (Fig. 10g). The increasing compressive force
led to a decrease in contact resistance. Nevertheless, it induced the
destruction of the proton exchange membrane and carbon PTLs at
cathode. In the meanwhile, the compact structures in MEA impart
some difficulties in mass transfer, which further causes the voltage
loss, especially at high current density.
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Mass transfer is also one of the key factors in kinetics losses,
which will impart the water adsorption and gas bubbles desorp-
tion. PTLs are known for transporting gas from catalyst layers and
supporting catalyst layers, which need a large pore for water trans-
fer and a big contact area for low contact resistance. Thus, its
porosity, contact area, thickness, and electrical performance are
vital to the electrochemical performance of PEMWE. Besides, a
porous catalyst layer is favorable to fast mass transfer, whereas it
will require a high Ir mass loading for forming a continuous con-
ductivity network. Ideally, two-dimensional and porous catalysts
are promising to meet synthetic improvements in electrical con-
ductivity and mass transfer. Recently, some focus has been on the
fabrication of ordered MEA [166,167]. Yang et al. [166] designed
an ordered MEA with gradient tapered arrays via nanoimprint-
ing method (Fig. 10h), which maximized the triple-phase interface
for rapid mass transport. In the meanwhile, this nanoimprinting
method can effectively utilize the Ir catalysts on the gradient struc-
ture with close contact. Therefore, the ordered MEA on PEMWE
showed a 4.2 time increase in electrochemical active area and a
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13.9% improvement in mass transport, resulting in a superior per-
formance (1.801 V@2 A/cm?2). In summary, catalysts and their re-
lated system mainly in conductivity, active site density, and mass
transfer are synthetic to promote and promise superior activity and
durability for a complex PEMWE.

5. Conclusions and outlooks

Ir is the most widely applied on anode material in PEMWE due
to its excellent durability and activity under acid conditions. Un-
til now, the reduction of the Ir loadings on the anode is still a
great challenge, among which supported Ir catalysts are the most
promising method to trade off its activity, durability and mass
loadings. Based on the discussion of its application on PEMWE,
apart from Ir-based materials, PTLs and MEA assemble parame-
ters are of vital importance to its electrochemical performance
on PEMWE, especially the factor of ohmic resistance. Accordingly,
some outlooks are presented to address and accelerate the deploy-
ment of PEMWE.

5.1. Elucidating its reaction mechanisms with advanced in
situ/operando technologies

Ir-based catalysts have achieved great success in terms of their
electrochemical performance. Therefore, AEM and LOM are pro-
posed to elucidate the activity and stability of catalysts. Though
LOM can give a relatively reasonable analysis of its activity and
stability, persistent lattice oxygen participation induces structural
collapses, which makes it difficult to maintain its long lifetime. In
addition, the inverse relationships of activity and stability are am-
biguous. Furthermore, the factor of conductivity is also included
to elucidate its activity and degradation. In view of such a nano-
micro-environment, even single atoms, the determinations of ac-
tive sites, composition evolution and key intermediates, such as in
situ/operando techniques are still difficult. The detected informa-
tion can assist to describe and elucidate the intrinsic mechanism.
Some in situ/operando technologies, such as DEMS coupled with
ICP-MS, nap-XPS, in situ Raman, can monitor real-time structure
evolution under real operation at an atomic level. Therefore, thiese
information favors the elucidation of real active sites, key inter-
mediates, and structural evolution, deepening the understanding of
the oxygen evolution process.

5.2. Constructing a normalized description of ir-based catalysts

The continuous breakthroughs in activity and durability seem
to bring a favorable situation based on the analysis of electrical
structures of Ir-based catalysts; however, it is unconvincing to ex-
plain its relationships of activity and stability with various pa-
rameters, such Ir-O covalency, O 2p bands and its Ir-O-M species.
Though, seemingly, these parameters are appropriate to construct
a structure-activity relationship, it is difficult to make a normal-
ized description to be applied to all Ir-based catalysts. Therefore,
the key parameters can be further explored to describe their effect
on the electrochemical performance of Ir-based catalysts.

5.3. The utilization of surface reconstruction to trade off its activity
and stability

Indeed, the most stable structure is favorable for practical needs
in PEMWE. Nevertheless, it faces such a challenge in inert site den-
sity. It is feasible to regulate surface reconstruction for highly ef-
ficient and stable water oxidation via partial element dissolution.
The easily leached element can fasten the surface reconstruction of
IrOx species and manipulate the electrical structures of Ir sites for
fast proton-coupled electron transfer, which is in agreement with
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the inverse relationship of activity and stability. In recent future,
more attention should be paid to the trade-off between activity
and stability. Based on surface reconstruction, the exploration of
the active site evolution under service conditions can shed light
on guiding efficient and stable catalysts for water oxidation.

5.4. Developing practical Ir-based catalysts in terms of activity and
stability

On a three-electrode system, Ir-based catalysts can show a fa-
vorable electrochemical performance. However, weak conductivity
and element leaching still pose a great difficulty in PEMWE, es-
pecially under high potentials. Therefore, enormous attention is
paid to developing innovative Ir-based materials with high activ-
ity site density, electrical conductivity, mass transfer kinetics and
durability. Furthermore, an appropriate model system needs to be
constructed for elucidating the ohmic-resistance-induced potential
loss. It urges to optimize the assembly techniques of PEMWE for
low ohmic resistance, especially contact resistance between PTLs
and catalyst layers, and in-plane conductivity of catalyst layers.

5.5. Designing and performing theoretical studies and prediction

Theoretical studies and prediction enable to elucidation of the
electronic states, key intermediate, and reaction routes of catalysts,
which breaks the limitation of uncertainty of physical and chem-
ical characterization technologies. In the last decades, computa-
tional hydrogen electrode (CHE) method based on density func-
tional theory (DFT) has been widely applied in the electrocatalysis
area. Though the CHE method provides special insight into under-
standing the electronic structure and reaction routes of catalysts,
its simplifications, and assumptions ignore dynamic evolution at
the interface of catalysts and electrolytes. Hence, the challenge for
DFT studies in the electrochemical area is the fine control of the
electric field, which reflects the electronic structure and dynamics
at the interface for a real reaction. Besides, a real reaction condi-
tion, such as solvent molecules, the local pH value, explicit treat-
ment, and so on, should be considered to simulate and present
a real electrochemical reaction. In the meanwhile, the simplified
models can be further modified via high-throughput screening to
reach the real structures of catalysts. One anticipates that the in-
terdisciplinary study in theoretical simulation and advanced char-
acterization technologies can promote the fabrication of OER cata-
lysts and a deep understanding of its key intermediate evolution.
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