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Renbo Wei,*[i] and Zhanhu Guo*[d]

1. Introduction

Climate change, pollution, and the scarcity of fossil fuels re-
quire our society to pursue clean and renewable energy sour-

ces. Hydrogen is considered to be the most abundant and
promising energy carrier because of its high efficiency, lack of

environmental pollution, and so forth. Nowadays, water elec-

trolysis is the most attractive renewable resource for hydrogen
production. Electricity can be derived from solar energy, wind

energy, water conservancy, tidal energy, geothermal energy,
and so forth.[1–5]

Regarding water electrolysis, solid polymer electrolyte (SPE)
water electrolysis has been extensively investigated.[5–8] The
main advantages of SPE water electrolysis are fast kinetics of

the cathodic hydrogen evolution reaction (HER) and high volt-
age efficiencies at high current densities. The main challenge

arising from high energy consumption limits its large-scale in-
dustrial applications, mainly owing to the higher overpotential

of the sluggish oxygen evolution reaction (OER). Moreover, the

lack of stable electrocatalysts remains challenging. Under oper-
ation conditions, few electrocatalysts can present adequate

stability. Noble IrO2 has excellent corrosion resistance and high
catalytic activity for OER,[8] whereas the high price of IrO2 has

limited its applications. In the appropriate synthetic protocol,
selecting the right material to dope or support the catalyst can

Chemical energy conversion/storage through water splitting
for hydrogen production has been recognized as the ideal so-

lution to the transient nature of renewable energy sources.

Solid polymer electrolyte (SPE) water electrolysis is one of the
most practical ways to produce pure H2. Electrocatalysts are

key materials in the SPE water electrolysis. At the anode side,
electrode materials catalyzing the oxygen evolution reaction

(OER) require specific properties. Among the reported materi-
als, only iridium presents high activity and is more stable. In

this Minireview, an application overview of single iridium metal
and its oxide catalysts—binary, ternary, and multicomponent

catalysts of iridium oxides and supported composite cata-
lysts—for the OER in SPE water electrolysis is presented. Two
main strategies to improve the activity of an electrocatalyst
system, namely, increasing the number of active sites and the
intrinsic activity of each active site, are reviewed with detailed

examples. The challenges and perspectives in this field are also
discussed.
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effectively reduce the amount of anode metals and, mean-
while, improve the corrosion resistance of the electrode.

The main feature of SPE water electrolysis technology lies in
replacing traditional caustic solution electrolytes with SPE. The

solid polymer is a perfluorosulfonic acid proton exchange
membrane (PEM; commonly Nafion). Sulfonic acid groups can

deliver hydronium ions and become a good conductor after
flooding, and hydrogen ions have a good conduction. A PEM

satisfies numerous physical criteria, including 1) good ionic
conductivity and thermal conductivity, 2) poor electronic con-

ductivity, 3) good chemical and mechanical stability, 4) good
thermal stability, 5) ease of manufacture and production in the

form of large-surface membranes of homogeneous thickness,
and 6) low gas solubility.[9] A PEM serves as both electrolyte

and separator. The SPE water electrolysis principle is illustrated
in Figure 1. The cathode and anode reactions occurring at the
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SPE water electrolysis electrodes can be described by Equa-
tions (1) and (2), respectively :

4 e@ þ 4Hþ ! 2H2 " ð1Þ
2H2O ! 4Hþ þ 4 e@ þ O2 " ð2Þ
Water electrolysis at the anode produces O2 and four protons

near the electrode surface for each oxygen molecule. Hydro-
gen ions through the PEM generate H2 gas near the cathode.
The electrocatalysts are directly attached to the membrane to

form the SPE composite membrane electrode. The selective
separation of the proton membrane enables an integrated

structure to reduce the voltage drop of the electrolyte, and
thus, has high energy efficiency and improves the current effi-

ciency. The only liquid used in the electrolyzer is deionized
water, which will reduce corrosion of the equipment and

extend the service life. Nevertheless, the higher production

cost limits its large-scale application.

To evaluate the performance of the catalysts, the most im-

portant parameters are their activity and stability. The key fac-
tors restricting the commercialization of H2 production are cost

and the performance of the catalysts. Thus, the research and
application of catalysts are directly related to the commercial

prospect of electrolyzing hydrogen from SPEs.
In the SPE water electrolysis cell, a platinum metal catalyst

with acid stability and hydrogen evolution catalytic activity is
the most suitable cathode for an electrocatalyst because of the
strongly acidic nature (equivalent to 10% H2SO4) after the PEM

absorbs water. The cathode for the HER in SPE water electroly-
sis has a low overpotential. Widely used cathodes, to date, are

noble-metal platinum catalysts, including Pt/C,[10–13] Pt nano-
particles (NPs)/carbon nanofibers (CNFs),[14] Pt/graphitic nano-

fibers (GNF),[15] Pt@Fe, or Pt@C,[16] because Pt element has an in-

completely filled d orbital, and the outermost electron struc-
ture of 5d96s1 and suitable atomic radius of 177 pm favor the

adsorption of H atoms and the desorption of H2, that is, faster
kinetics of electron reduction to H2 results in a lower activation

energy, and thus, lower hydrogen evolution potential. To
reduce the amount of Pt and increase its electrochemical spe-

cific surface area, it has been usually prepared as Pt particles
and supported on a porous carbon substrate, for example, Pt/
C catalyst particles.

Herein, we summarize (in Table 1) and discuss current issues
and recent developments in IrO2-based catalysts for the OER in
SPE water electrolysis to extract guidelines for developing elec-

trocatalysts with high activity, low cost, and high stability.

2. Progress in Catalysts for the OER

2.1. OER catalysts

The overpotential of the OER is much higher than that of the
HER.[17, 18] Accordingly, the OER has been intensively studied to

elucidate the reaction mechanism and stability issues and to
reduce the overpotential of the OER electrode during water
electrolysis. The standard electrode potential for the OER is

1.23 V versus a reversible hydrogen electrode (RHE), but most
metal electrodes dissolve before reaching this potential ; only a
few metals and their oxides present adequate stability.
Figure 2 shows the oxygen evolution polarization curves of dif-

ferent metals and their oxides in acidic solution.[19] The oxygen
evolution current values of different material surfaces can

differ by several orders of magnitude at a certain overpotential.
Ruthenium and RuO2 electrodes are the best electrocatalysts
for oxygen generation in acidic solution. Figure 3 shows the re-

lationship between the metal oxide overpotential and the en-
thalpy of oxidation of different valence oxides at a current

density of 1 mAcm@2.[19–21] Clearly, RuO2 and IrO2 are promising
oxygen anode catalysts, appearing at the top of the curve.

Both have the most suitable metal–oxygen bond strength and

are the most conducive to the OER with the lowest over-
potential.[22–25]

Pure RuO2 catalysts as dimensionally stable anodes (DSAs)
for the OER have been reported with a very short lifetime due

to the easy conversion of RuO2 into RuO4 at high potentials.
For example, Hodnik et al. used highly sensitive in situ meas-

Figure 1. Cross-section illustration of a SPE water electrolysis cell. DC=direct
current.

Figure 2. Schematic overpotential versus log i curves for oxygen evolution
on various metals and oxides from acid solutions. Modified from Ref. [19] .
Key: 1. Fe3O4 ; 2. Pt; 3. PbO2 ; 4. SrFeO3 ; 5. Ni ; 6. b-MnO2 ; 7. Pt/MnO2 ; 8. (111)
RuO2 ; 9. b-MnO2+Mn2O3 ; 10. PtO2 ; 11. Ir ; 12. Co3O4 ; 13. IrO2 ; 14. 30% RuO2

(TiO2) ; 15. RuO2 (compact) ; 16. Ru; 17. RuO2.
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urements of concentration determined by means of inductively

coupled plasma (ICP) MS to study the dissolution behavior of
Ru and its oxides on the nanoscale in acidic media, and re-

vealed, for the first time, that severe dissolution took place
due to the OER.[26] Moreover, OER activity displayed an inverse

relationship with the measured dissolution. Cherevko et al.

demonstrated an increase of dissolution in the order of
IrO2%RuO2 ;

[27] the SPE electrolytic cell anode catalyst usually

contains Ir or IrO2 as the main active component. Previous
studies have shown that, under acidic conditions, the OER ac-

tivity of IrO2 is only slightly lower than that of RuO2, whereas
IrO2 has a service life of 20 times longer than that of RuO2.

[28–30]

Unfortunately, the low reserves of iridium and its high cost are

major obstacles for the large-scale application of SPE water
electrolysis.[31] Consequently, selecting appropriate materials to

dope or load the catalyst will effectively reduce the amount of
anode metals, improve the corrosion resistance of the elec-

trode, and reduce the cost.

2.1.1. Single iridium metal and its oxide catalysts

IrOx is the most widely used anode catalyst for the OER be-
cause of its higher stability and corrosion resistance, although

its electrochemical activity is slightly lower than that of
RuO2.

[32–39] Fine powders of IrO2 can be synthesized through a
variety of approaches, including the Adams fusion
method,[40–45] colloid protocol,[42,46,47] sulfite complex route to

films,[48] magnetron sputtering,[49–51] reduction,[52] electrode
deposition, and thermal decomposition.[50,53,54] For instance, in
the case of the Adams method, Wang et al. investigated the

effect of precursor calcination temperature on the catalytic ac-
tivity of the catalysts.[44] The calcination temperature affected

the catalytically active area and electrocatalytic activity by af-
fecting the size of the catalyst and the valence of iridium. With

increasing temperature, the crystallite size and crystallinity in-
creased, and the crystal-specific surface area and electrocatalyt-

ic activity decreased. The conductivity increased as the temper-
ature increased. An increase in both crystallinity and particle

size was observed with increasing treatment time, which was

known to contribute to a decrease in active surface area of the
electrocatalysts. For example, Song et al. compared the Adams

and colloid synthetic methods to obtain IrO2.
[42] Consequently,

the colloid method performs better than the Adams method.

This result may be due to a better dispersion of electrocatalyst
in the polymer electrolyte and higher crystallinity with higher

conductivity of electrocatalysts. The more clearly discernible

diffraction peaks for IrO2 (colloid) samples than those for IrO2

(Adams) indicated that the former possessed a slightly higher

crystallinity. The average size of individual crystallites obtained
through both methods, IrO2 (Adams) and IrO2 (colloid), was

about 5.5 nm, as calculated from the Scherrer equation. IrO2

(colloid) (1 Acm@2 at 1.63 V) exhibited a much higher specific

surface area than that of IrO2 (Adams) (1 Acm@2 at 1.66 V),

which indicated better IrO2 dispersion.
The performance of catalysts in the OER depends strongly

on the structures and morphologies.[55–61] A significant way to
improve the efficiency of IrO2 is for it to possess nanostruc-

tures with a high specific surface area. To increase the specific
surface area, a porous structure (meso- or macroporous) is of

great importance. To better control the pore size and degree

of cross-linking, hard or soft templates with a narrow particle
size distribution have been frequently employed as structure-

directing agents, such as polymer microspheres (for macropo-
rous materials) and amphiphilic block copolymers (for mesopo-

rous materials). For example, Li et al. reported a nanoporous
IrO2 catalyst with a specific surface area of 363.3 m2g@1, which

was prepared through a facile ammonia-induced pore-forming

protocol (Figures 4 and 5) with a uniform particle size and
pore size distribution.[55] Micro-/mesoporous IrO2 prepared with

NH3 exhibited an outstanding performance (10 mAcm@2 at
1.512 V vs. RHE) relative to that of other IrO2 catalysts prepared
without NH3 (10 mAcm@2 at 1.542 V vs. RHE) and commercial
IrO2 (10 mAcm@2 at 1.551 V vs. RHE; 0.5m H2SO4, 25 8C, iR cor-

rection).
Ortel et al. synthesized a mesoporous iridium oxide through

soft templating and EISA, by employing an amphiphilic triblock

copolymer, PEO-PB-PEO (PEO=poly(ethylene oxide), PB=poly-

Figure 3. Relationship between metal oxide overpotential and enthalpy of
conversion of different valence oxides at 1 mAcm@2. Modified from Ref. [19] .

Figure 4. Schematic illustration of the mechanism for the formation of nanoporous IrO2 catalysts. Modified from Ref. [55] .
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butadiene).[56] The cyclic voltammogram indicated that the

templated IrO2 film exhibited significantly larger geometric cur-

rent densities than that of the untemplated IrO2 film; this can
be attributed to differences in the electrochemically active sur-

face area (ECSA) caused by differences in the coating surface
morphology induced by the pore template. The overpotential

for the templated mesoporous film (1.58 V vs. RHE at
100 mAcm@2) is substantially lower than that for the untem-

plated film (1.62 V vs. RHE at 100 mAcm@2) for all current den-

sities in the OER potential region (0.1m HClO4, 25 8C, without iR
correction). Li et al. utilized SBA-15 as a hard template to pre-

pare mesoporous IrO2.
[57] The cell voltage of the IrO2 (SBA-15)

anode was 1.629 V at 1 Acm@2, which was about 50 mV lower

than that of IrO2 obtained through the Adams protocol. In
both cases, the higher activity than that of nontemplated IrO2

has been attributed to the more uniform dispersion, larger

specific surface area, and pore volume.
Iridium nanodendrites (Ir-ND) were synthesized by reducing

H2IrCl6 with NaBH4 in the presence of tetradecyltrimethyl am-
monium bromide (TTAB) as an organic capping agent.[58] The

highly branched structure of the iridium dendrites, with a par-
ticle size of about 10 nm, showed an enhanced OER activity. Ir-
ND demonstrated the characteristics required for highly effi-

cient catalysts, including a large specific surface area, small
particle size, and a high electrochemical porosity (34.2%) com-
pared with that of commercial Ir blacks.[59] The rich edges and
corner atoms resulting from the dendritic structure are of

great importance for high catalytic activity. Kim et al. reported
the highly conductive, nanoporous architectures of an Ir oxide

shell on a metallic Ir core, which formed through the fast deal-
loying of Os from an Ir25Os75 alloy, and possessed an ideal bal-
ance between activity and stability.[62] It has been proposed

that the activity–stability factor (ASF), expressed as the ratio
between activity of the OER and stability of the oxides,

become a new key “metric” for determining the technological
relevance of oxide-based anodic water electrolyzer catalysts.

The nanoporous Ir/IrO2 morphology of dealloyed Ir25Os75
shows a factor of about 30 improvement in the ASF, relative to
that of conventional Ir-based oxides, as a consequence of the

nanoporous Ir oxide/Ir metal morphology, rather than through
Os-induced electronic effects on Ir surface atoms. The balance

between activity and stability can be addressed through the
manipulation of the material morphology. ECSA itself may not

be the only factor affecting the measured OER performance,
and conductivity also plays a critical role in OER performance.

2.1.2. Binary, ternary, and multicomponent catalysts of iridi-
um oxides

To reduce the IrO2 loading, one common approach is to dope

inexpensive metals, which can change the electronic and struc-
tural properties and improve the activity and stability.[63] The

resulting electrocatalyst becomes a binary or ternary compo-
site of iridium oxide with other metal oxides in the form of
IrxMyNzOa ; M and N are inexpensive metals.

Because both RuO2 and IrO2 are nonstoichiometric, RuO2 is

an anoxic structure (RuO2@x) and IrO2 is a peroxy structure
(IrO2+x). The mixture of these two has a common effect of
mutual matching. Therefore, the oxygen-evolving activity and

stability of Ir and Ru binary oxides are much higher than that
of single Ir or Ru. Extensive research has been performed on

Ir@Ru alloys and their oxides.[64–85] Mixed oxides formed by
RuO2 and IrO2 retain the useful properties of both components

(high activity of RuO2 and high stability of IrO2). In Ir-rich mixed

oxides, the presence of Ru increases the activity of Ir ; in Ru-
rich mixed oxides, the presence of Ir increases the stability of

Ru. Methods to form mixed Ru@Ir oxides fall into two catego-
ries: a direct and dry film formation approach (i.e. , reactive

spray deposition technology)[64,65] or wet powder synthesis fol-
lowed by an electrode formation step (i.e. , thermal decomposi-

tion,[66,67, 76] hydrolysis method,[68] Adams fusion,[42,43,69–72] or a

sol–gel method).[75,80,81] The mixed oxides may be composed of
homogeneous solid solutions of Ru and Ir,[64–66,70,71] or present

as IrO2 and RuO2 separate phases.[67,68]

Along with increasing Ru content in IrxRu1@xO2, the average

particle size and crystallinity of the catalysts increased. General-
ly, IrxRu1@xO2 compounds are observed to be more active than

that of IrO2 and more stable than that of RuO2.
[64–72] The syn-

thetic routes have a great influence on atomic mixing, surface
segregation, and particle size. XRD and ICP atomic emission

spectroscopy (AES) measurements by Mayousse et al. high-
lighted that the quantity of Ru inserted into the oxide lattice,

through the Adams fusion method, could be finely controlled
without any phase separation.[43] Siracusano et al. applied a
preleaching procedure to achieve a high degree of surface
purity and promote an enrichment of Ir on the outer surface.[72]

The Ir content in the Ru-based catalyst composition contrib-
utes to its stability against dissolution, without increasing the
overpotential at its surface. Cheng et al. observed that RuO2 as

an anodic electrocatalyst was unstable, with the potential
rising to 8 V versus a standard calomel electrode (SCE) at

about 20000 s. Ir0.2Ru0.8O2 shows a higher stability than that of
RuO2, and the potential is lower than 2 V versus SCE, even as

the time approaches 40000 s.[70] An increase in performance

has been well documented upon Ru insertion.[67] Felix et al. fur-
ther proved that the addition of RuO2 to IrO2 improved the ac-

tivity for the OER.[71] Ir0.7Ru0.3O2, although displaying a slightly
lower activity than that of Ir0.9Sn0.1O2, is claimed to be the most

promising electrocatalyst for the OER because no decrease in
activity occurs as the RuO2 content is increased to 30 mol%.

Figure 5. Specific surface areas of IrO2 (1:100 H2IrCl6/NH3·H2O at 450 8C) and
monodispersed IrO2. Modified from Ref. [55] .
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Hence, the interaction of Ir@Ru and the synergetic contribution
to the activity are of great interest.

Core–shell nanocatalysts have been widely studied over the
past decades in catalysis, biology, and energy storage. The ac-

tivity and catalytic efficiency are directly influenced by the sur-
face composition and stability of the nanocatalysts. For exam-

ple, Ma et al.[86] employed carbon-supported ruthenium as the
template to prepare RuO2@IrO2 core–shell nanocatalysts, and
the OER specific activity of RuO2@IrO2 (5.5 mAcm@2

ox) was
threefold greater than that of IrO2 (1.7 mAcm@2

ox) at 1.48 V
versus RHE in a 0.5m solution of H2SO4. Li et al. developed the
discontinuously covered IrO2@RuO2@Ru (the Ir/Ru ratio
changes from 1:1 to 3:1) supported structure. IrO2@RuO2@Ru

(3:1) exhibits the most uniform NP distribution and the highest
activity among all catalysts, showing an overpotential of only

281 mV at 10 mAcm@2.[87] Meanwhile, excellent durability has

been achieved, with the overpotential positively shifting by
only 16 mV at 10 mAcm@2 after 3000 cycles through accelerat-

ed durability tests (ADTs). Audichon et al. synthesized a core–
shell-like IrO2@RuO2 material using a surface modification/pre-

cipitation route in an ethanol medium. The crystalline RuO2

core particles are well covered by IrO2.
[88] Compared with pure

IrO2 or pure RuO2, IrO2@RuO2 displayed the highest accessibili-

ty of active sites and showed the most promising activity for
the OER, owing to intimate contact between the two oxides in

the IrO2-covered RuO2 nanocatalysts, which combined the in-
trinsic activity of RuO2 and the stability of IrO2.

[88] Danilovic

et al. found that the Ru@Ir system employed the power of sur-
face segregation to form a nanosegregated “Ir-protective skele-

ton” that was four times more stable, but equally as active as

commercially available Ru@Ir alloy anode catalysts.[82] The activ-
ity of oxide materials for the OER is primarily controlled by the

stability of surface atoms, rather than the energy of adsorption
of reaction intermediates.

To improve the active surface area of IrxRu1@xO2, the synthe-
sis of IrxRu1@xO2@MOx (M=Sn, Ta, Mo, Co, Ce, Pt as the dopant

metal) is an effective way,[90–100] and nonprecious metal oxides

are added to noble-metal mixed oxides. For example, Hutch-
ings et al. demonstrated that a ternary mixed oxide containing
SnO2, RuO2, and IrO2 was more stable than catalysts consisting
of noble-metal oxides only.[90] Ir0.25Ru0.25Sn0.5O2 showed an ini-
tially lower activity, but a significantly improved stability, which
resulted in a superior behavior to that of IrO2 and Ru0.5Ir0.5O2

for testing times of 320 and 730 h. Ir@Ru@Sn ternary oxide
coated electrodes fabricated by thermal decomposition re-
vealed the synergistic/antagonistic effects between the mixed

oxides. Marshall et al. synthesized oxide powders of IrxRuyTazO2

by means of aqueous hydrolysis, followed by thermal oxida-

tion.[91] A remarkable performance has been obtained by using
anode materials containing 20–40 mol% Ru and 0–20 mol%

Ta. The doped MOx often has weak catalytic activity and con-

ductivity; a high proportion of dopant has proven to be un-
available.[91–95] Thus, the doped content in IrxRu1@xO2@MOx must

be achieved in a highly controlled manner. Ir0.4Ru0.6MoxOy pre-
pared by means of a modified Adams fusion method had a de-

creased particle size and improved BET surface area, without
deterioration of the conductivity.[96] Iridium and ruthenium ions

at the interface can connect with molybdenum through
Ir(Ru)@O@Mo bonds around the rutile crystallite, which inhibits
the growth of crystallite grains during the fusion process.
A single cell with Ir0.4Ru0.6MoxOy (1 Acm@2 at 1.646 V) shows a

higher performance than that of a cell with Ir0.4Ru0.6O2

(1 Acm@2 at 1.606 V) under the conditions without IR correc-

tion. The RuIrCoOx powders were synthesized through a chem-
ical reduction method, followed by thermal oxidation.[97]

A single cell with RuIrCoOx showed a higher performance than

that of a cell with IrRuOx. The cell voltages at 30 mAcm@2 are
1.80 and 1.88 V for RuIrCoOx and IrRuOx, respectively.

In recent years, mixed oxides formed by dispersing the
noble-metal oxide in a more stable nonprecious matrix have

been intensively investigated. For instance, binary IrO2@SnO2

catalysts are of interest because of the elevated conductivity

and stability at high temperatures[47,75,96–112] IrO2@SnO2 has

been prepared by means of Adams fusion,[43,71, 92] sol–gel,[101,104]

modified polyol,[92,93] reactive cosputtering,[113] and surfactant-

assisted methods.[102] The crystalline properties of IrxSn1@xO2

powders depend on the method used to prepare such materi-

als. The Adams fusion method resulted in oxides consisting of
at least two separate oxide phases, namely, a Sn-rich oxide and

an Ir-rich oxide.[92] In contrast to commercial Ir black, IrxSn1@xO2

(x=1, 0.67, and 0.52) NPs developed by means of a surfactant-
assisted method are amorphous, with good dispersion, high

pore volume, a solid-solution state, and an Ir-rich surface for
bimetal oxides.[102] Mayousse et al. performed XRD and ICP-AES

measurements to highlight that the quantity of tin was insert-
ed into the oxide lattice in a finely controlled manner.[43] The

bulk molar fraction of Sn was introduced into the IrO2 lattice

without phase separation. The crystallinity increased with the
addition of SnO2.

[71] Similar crystal structure and lattice parame-

ters of IrO2 and SnO2, and comparable ionic radii of Ir4+

(0.077 nm) and Sn4+ (0.083 nm), allow the formation a tetrago-

nal SnxIr1@xO2 solid solution. A solid solution between iridium
and tin oxides with lattice parameters of the solid-solution
phase showed a linear relationship over the entire composition

range.[92,93, 104] For example, Ardizzone et al. showed that iridi-
um could substitute tin in the lattice at any temperature, and
the composites obtained at 500 8C produced the highest stabil-
ity thanks to their ordered structures.[101] The effect of tin addi-
tion to iridium on the performance of the OER is controversial.
Marshall et al. proved that the electrical resistivity increased as

tin was added to the oxide.[92,93] There is a significant difference
between the materials produced by means of Adams fusion
and the modified polyol method. The former shows twice as

high electrical resistivity as that of the latter, owing to the dif-
ference in structure of the oxides. A lower resistivity could be

expected in a solid solution due to a continuous electronic
path through the oxides. The insulating tin oxide phase in

two-phase oxide powders reduced the electronic pathway.[92]

The addition of tin oxide to iridium oxide particles shows no
beneficial effect other than the dilution of more expensive iri-

dium oxide. Pure IrO2 anodes have the best performance
(1.61 V) at 1 Acm@2 and 90 8C.[93] The active area or the number

of active sites decreases as the tin content increases. Felix et al.
showed that IrxSn1@xO2 (Sn=10 mol%) had a significant in-

ChemSusChem 2019, 12, 1576 – 1590 www.chemsuschem.org T 2019 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim1582

Minireviews

http://www.chemsuschem.org


crease in electrocatalytic activity compared with that of pure
IrO2.

[71] Li et al. showed that the structure of the resulting

IrxSn1@xO2 samples was strongly related to the Ir/Sn compo-
sites.[102] Figure 6 illustrates the strategy of the surfactant-assist-

ed method for the synthesis of IrxSn1@xO2 (0<x<1) NPs with

high Ir contents. IrxSn1@xO2 (x=0.67, 0.52) NPs displayed out-
standing activity and stability, owing to the amorphous struc-

ture, good dispersion, high pore volume, solid-solution state
and Ir-rich surface, relatively large size (10–11 nm), and dissolu-

tion of the Sn component (Figure 7). The membrane electrode
assembly (MEA) performance with Ir0.52Sn0.48O2 as the anode

showed a better performance for 1 Acm@2 at 1.631 V and

2 Acm@2 at 1.821 V. Xu et al. observed that at low SnO2 con-
tents the IrO2 particles were well dispersed, but at higher SnO2

contents the active surface area of IrO2 decreased due to an in-
crease in the average particle size.[103]

Ternary Ir@Sn-based mixed oxides have been extensively
evaluated as the OER anode electrocatalysts. P8rez-Viramontes

et al. prepared the Ir@Sn@Sb@O through a conventional ther-

mal decomposition method.[110] According to the onset poten-

tial for the OER tested in 0.5m H2SO4, the Ir@Sn@Sb@O (40 at%
Ir) (1.39 V vs. RHE) electrodes demonstrated a higher activity

than that of the IrO2/CV (1.45 V vs. RHE; CV=cyclic voltamme-
try) and IrO2/ATO (1.52 V vs. RHE). The OER kinetics has been

improved for the Ir@Sn@Sb@O materials with respect to the

mechanical mixture of IrO2/ATO. The Ir@Sn@Sb@O electrode
was also more stable towards the OER at an applied potential

of 1.55 V versus RHE than that of IrO2 supported on Vulcan
carbon. Ternary Sn@Ir@Ta systems have been synthesized

through a controlled sol–gel method.[111] In comparison with
SnO2 and binary SnO2@IrO2 materials, ternary mixtures present-

ed higher catalytic activities because Ta increased the surface

area, improved the electronic conductance and charge-storage
capacitance, and promoted the surface enrichment of Ir.

Kadakia et al. synthesized Ir1@2xSnxNbxO2 through thermal de-
composition and coated the product on Ti foil.[112] The activity

of Ir0.40Sn0.30Nb0.30O2 was similar to that of pure IrO2, with about
60 mol% reduction in noble-metal content, whereas

Ir0.20Sn0.40Nb0.40O2 was only 20% lower than that of pure IrO2,

with about 80 mol% reduction in noble-metal content, which
achieved a remarkable reduction in noble-metal oxide loading.

Xu et al. first synthesized Pt-activated IrO2/SnO2 (2 Acm@2 at
1.63 V) nanocatalysts for the OER; these catalysts showed an

enhanced activity relative to that of IrO2/SnO2 (2 Acm@2 at
1.66 V).[114] This was attributed to the cooperative effects of im-

proved electrical conductivity and the synergistic effect of Pt

and IrO2/SnO2, whereas Pt@IrO2/SnO2 showed short-term stabil-
ity at 1.52 V and 80 8C in a laboratory-scale single-cell setup.

To improve the catalytic activity, a novel dopant/alloying ele-
ment (F@) is added to the noble-metal oxide electrocatalyst
(e.g. , IrO2 or RuO2). A fluorine-doped IrO2 thin film has been
studied as a promising oxygen evolution anode electrocatalyst

that exhibits a significant improvement in catalytic activity
compared with that of pure IrO2.

[115–121] Kadakia et al. synthe-
sized fluorine-doped IrO2 through thermal decomposition of a

homogeneous mixture of IrCl4 and NH4F dissolved in ethanol/
deionized water that was solution coated onto pretreated Ti

foil, ranging from 0 to 30 wt% F.[115, 116] Thin-film IrO2 :F with
20 wt% F ((&11.6:0.1) mAcm@2 at 1.65 V vs. NHE) showed

about 19% higher catalytic activity than that of pure undoped

IrO2 (&9.4 mAcm@2 at 1.65 V vs. NHE) in a 1n solution of
H2SO4 at 40 8C, which suggested that F-doped IrO2 could be a

promising anode catalyst for the OER. They also synthesized
(IrO2 :F) powders with varying F contents, ranging from 0 to

20 wt%, by using a modified Adams fusion method.[117] The
IrO2 :F sample with an optimum composition of IrO2 :10 wt% F

Figure 6. Schematic illustration of the surfactant-assisted method for the fabrication of IrxSn1@xO2 (0<x<1) NPs with a high Ir content. CMC=critical micelle
concentration. Modified from Ref. [102].

Figure 7. TEM images of a) as-synthesized Ir0.67Sn0.33O2, b) IrO2, and
c) Ir0.67Sn0.33O2, and d) a high-resolution (HR)TEM image of Ir0.67Sn0.33O2. Re-
produced with permission from Ref. [102]. Copyright The Owner Societies
2013.
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showed remarkably superior activity and stability relative to
that of pure IrO2. IrO2 :F is a solid solution of a single rutile tet-

ragonal structure without any undesirable phase formation,
such as pure IrO2. This might be due to the similar ionic radii

of O2@ and F@ (125 and 120 pm, respectively). The molar
volume of IrO2 :F with different compositions is comparable to

that of pure IrO2, which indicates that F@ doping, instead of
O2@, has no significant effect on the molar volume of IrO2 :F.

To improve the electrical conductivity of SnO2, Datta et al.
studied F-doped SnO2, which had a high corrosion resistance
and was electrically conductive. (Sn,Ir)O2 :F containing 10 wt%
F showed the same electrochemical activity as that of IrO2

((&14:1) mAcm@2 at 1.55 V vs. NHE, 40 8C, 1n H2SO4, after

iRW correction) with about 80 mol% reduction in IrO2.
[118,119]

Ir0.3Sn0.35Nb0.35O2 :10 wt% F proved to be a promising anode

electrocatalyst, resulting in about 70 mol% reduction in IrO2

content without any compromise in activity, and the current
density of Ir0.3Sn0.35Nb0.35O2 :10 wt% F at 1.55 V (&16 mAcm@2

at 1.55 V vs. NHE) was slightly higher than that of pure IrO2

(&12 mAcm@2 at 1.55 V vs. NHE; 40 8C, 1n H2SO4, after iRW cor-

rection).[120] All of them formed a single-phase, homogeneous
solid solution without any undesirable phase separation. The

molar volumes of IrO2 :F, (Sn,Ir)O2 :F, and (Ir,Sn,Nb)O2 :x wt% F

are comparable to those of pure IrO2, (Sn,Ir)O2, and (Ir,Sn,Nb)O2,
respectively; thus indicating that F@ ion substitution/doping

has no significant effect on the overall molar volume. This
might be due to the comparable ionic radii of O2@ (125 pm)

and F@ (120 pm). The excellent activity exhibited by F-doped
IrO2, along with its long-term stability, make it an appealing

anode electrocatalyst for the OER in SPE-based water

electrolysis.
Another approach involved mixing of platinum-group

metals (PGMs; Pt[122–124] and Rh[125]) with IrO2. These PGM oxides
are very stable under acidic conditions and very conductive.

For example, Ye et al. prepared a novel Ti/Pt@IrO2 electrocata-
lyst by using the dip-coating/calcination method, in which Pt
served as a dispersing agent and IrO2 served as a catalyst.[123]

The incorporation of Pt into IrO2 not only increased the con-
ductivity, but also resulted in a synergic effect to make Pt@IrO2

much more stable. Seley et al. found that the addition of Rh
appeared to stabilize and/or enhance the OER activity of

IrO2.
[125] Other less expensive and highly corrosion-resistant

metal oxides, including Nb2O5,
[126–128] Ta2O5,

[69,71] and SnO2, have

been explored as alternative anode candidates for SPE water
electrolysis ; these would improve the overall corrosion charac-
teristics of noble-metal oxide electrocatalysts and reduce the

cost of noble-metal loading. Felix et al. synthesized IrxTax@1O2

(1+x+0.7) by adapting the Adams fusion method.[71] The ad-

dition of Ta2O5 to IrO2 improved the activity, for example,
Ir0.8Ta0.2Ox (&55 mAcm@2 at 1.6 V vs. 3m Ag/AgCl electrode)

and pure IrO2 (&35 mAcm@2 at 1.6 V vs. 3m Ag/AgCl elec-

trode) (0.5m H2SO4, 25 8C), and suppressed crystal growth.

2.1.3. Supported catalysts

To reduce the cost of the catalyst and to enhance the electro-
catalytic activity and life span, one solution is to support elec-

trocatalytic NPs on high specific surface area materials, which
will reduce agglomeration of the electrocatalyst and increase

the active surface area. Due to the high overpotential and cor-
rosive nature of the OER environment, the presence of carbon

in the active layer leads to the oxidation of supporting sub-
strate [Eq. (3) ; at 0.206 V vs. a standard hydrogen electrode
(SHE)] , which is not suitable as a support for the OER under
acidic conditions.

Cþ 2H2O ! CO2 þ 4Hþ þ 4 e@ ð3Þ

The requirements for a suitable support of the OER electroca-

talyst include 1) high availability and low cost, 2) high stability
in an acidic environment, 3) high specific surface area, and

4) good electrical conductivity. The enhanced activity is related
to the interaction between the support and electrocatalyst.

Various materials have been applied as supports of Ir, including

metal oxides, such as ATO,[129–144] TiO2,
[145–158] titanium suboxide

(TinO2n@1),
[159–161] or ITO,[166,167] and carbides, such as TiC,[168,169]

TaC,[170,172] SiC,[173] or WC,[174–176] due to their corrosion resistance
and electrical conductivity.

Thanks to its good electronic conductivity, availability, high
specific surface area, and stability at anodic potentials, ATO has

been widely used as a support for the OER.[129–144] The per-
formance of ATO-supported Pt or RuO2 was better than that of

pristine Pt/C or RuO2.
[129,130] The Pt/ATO catalyst possessed

about 90% of the original catalytic activity after 3000 cycles,

whereas Pt/C retained about 36% activity. With the same

amount of RuO2, RuO2/ATO exhibited a higher voltammetric
charge than that of unsupported RuO2. This was attributed to

the lower agglomeration of active crystallites on ATO. The ef-
fects of various parameters, such as particle size, electronic

conductivity, and specific surface area, on the performance of
the ATO-supported IrO2 catalysts were systematically investi-

gated. Marshall and Haverkamp studied a bimetallic IrO2@RuO2

catalyst supported on commercial ATO NPs with various load-
ing levels (5, 10, and 20 wt%).[131] The ECSA of 75 mol% IrO2/

25 mol% RuO2 clusters is maximal, but the ECSA decreased
with decreasing loading of IrO2@RuO2 on ATO, and 20 wt%

Ru0.25Ir0.75O2 on ATO presented the highest activity in a 0.5m
aqueous solution of H2SO4. Puthiyapura et al. achieved 40 wt%
reduction in IrO2 by utilizing ATO as a support material.[133] The
MEA performance was better for 60 wt% IrO2/ATO

(1625 mAcm@2 at 1.8 V) than that of pristine IrO2

(1341 mAcm@2 at 1.8 V) under the same conditions in which
the MEA involved Nafion-115 membrane at 80 8C and atmos-

pheric pressure. The higher performance of 60 wt% IrO2/ATO
was mainly attributed to a better dispersion of active IrO2 on

the electrochemically inactive ATO support materials, the small-
er IrO2 crystallites formed, a continuous electronic network, a

higher BET surface area, and similar conductivity to that of pris-

tine IrO2. Previous research from Strasser and co-work-
ers[59,134–137] studied mesoporous Sb-doped tin oxides synthe-

sized through a tetradecylamine (TDA) soft-template method
as supports, and found that these supports were highly stable,

relative to carbon black, due to their mesoporous structure,
small particle size, high specific surface area, and electrical con-
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ductivity. The Ir-ND/ATO catalyst displayed more than twofold
higher kinetic water-splitting activity compared with that of

IrOx/C, and eightfold greater catalytic mass-based activity than
that of commercial Ir black.[59] The metal/metal oxide–support

interactions (MMOSI) play a critical role in the performance of
Ir acidic water-splitting catalysts.[137] At a higher current density

of 10 mAcm@2, the measured potential sharply increased to
2.4 V (vs. RHE) after 15 min and 1.2 h for IrOx/C (Vulcan XC-72R,
Cabot, 235 m2g@1) and IrOx/Com. ATO (commercial ATO, SnO2/

Sb2O, +99.5%, Sigma–Aldrich, 47 m2g@1), respectively, whereas
the IrOx/ATO catalyst showed a negligible degradation during
the stability test, although their working potentials were initial-
ly similar. After the stability test, the Ir mass loss of IrOx/ATO

was 28.3% of the initial Ir loading, whereas that of IrOx/C was
97.1%, which suggested that the MMOSIs helped to maintain

a higher IrOx loading, and thus, sustained higher charge-trans-

fer kinetics. The Meso-ATO powder has a higher specific sur-
face area (264 m2g@1) than that of Com. ATO. Nong et al. pre-

sented a novel catalyst/support couple concept—an electro-
chemically dealloyed IrNi core–IrOx shell concept combined

with a mesoporous corrosion-resistant oxide support.[136] The
IrNiOx core–shell structure has been obtained from IrNi NP pre-

cursor alloys through the electrochemically selective dealloying

of Ni and simultaneous surface oxidation of the surface Ir
atoms, resulting in IrOx shells. IrNiOx/Meso-ATO core–shell ma-

terial (&90 Ag@1
Ir) showed 2.5 times higher Ir-mass-based ac-

tivity than that of IrOx/C (Vulcan XC-72R, &250 m2g@1;

&40 Ag@1
Ir) and IrOx/Com. ATO (Sigma Aldrich, 47 m2g@1;

&35 Ag@1
Ir) at an overpotential of h=280 mV versus RHE in

0.05m H2SO4. Figure 8 illustrates the structure hypothesis re-

garding the active catalyst/support couple. With thin IrOx shells
on the Ir-low/Ir-free cores, the proceeding OER reduced the

amount of Ir significantly. Wang et al. prepared a novel OER
catalyst composed of Ir supported on a SnO2 :Sb aerogel (Ir/

SnO2 :Sb-mod-V), which allowed a decrease in precious-metal
usage of more than 70 wt% in the catalyst layer, while main-
taining a similar OER activity to that of its unsupported coun-

terpart.[141]

TiO2 is an option because of its high resistance against

anodic corrosion and controllable morphology. Because TiO2

itself typically shows insulating properties, electrocatalysts
must be introduced into TiO2 by coating or doping. For exam-

ple, Mazfflr et al. studied the electrocatalysts IrO2/TiO2 with
three TiO2 samples, namely, R200M (10 m2g@1), P25 (50 m2g@1),

and P90 (90 m2g@1), at different specific surface areas.[145]

A lower specific surface area of the TiO2 support results in a

higher activity of the catalyst, due to the formation of a con-
ductive IrO2 film on the surface of nonconductive supports.

Oakton et al. developed a high specific surface area IrO2@TiO2

catalyst that was chlorine free, which was a highly active and
stable OER catalyst in acidic media.[146] The 40 mol% IrO2@TiO2

catalyst improved the OER activity and stability compared with
that of the benchmark catalyst. The presence of iridium hy-
droxo surface species was associated with high OER activity. Lu
et al. revealed that IrO2/H-TNTA reached a fivefold higher cur-

rent density at 1.6 V versus RHE in 0.5m H2SO4 than that of
IrO2/air-TNTA with improved conductivity.[147] Conductive sub-

oxides of titanium, such as Ebonex, have been studied as elec-

troactive materials. Siracusano et al. prepared titanium subox-
ides with a Magn8li phase as the conductive supports of

IrO2.
[159] As a result, IrO2 based on Ti suboxides exhibited a

larger voltammetric charge and double-layer capacitance than

that of the anode based on the commercial support, owing to
a better dispersion and larger occurrence of active catalytic

sites on the surface of the suboxide.[160, 161] TiO2 doped with

Nb[162–164] and V[165] has been reported to achieve considerable
conductivity and high stability. Hao et al. found that IrO2/TN-20

(20 at% Nb) possessed the highest OER activity (2.027 V at
1 Acm@2) and was superior to that of pristine IrO2/TiO2 (2.218 V

at 1 Acm@2) in single-cell tests at 80 8C.[162] The increase in OER
activity originated from Nb doping, which restricted the crystal

structure to a single phase of anatase and induced an en-

hancement of the specific surface area and activity of transfer-
ring charge and species. The additional redox couples of NbIV/

NbV accounted for this enhancement. Xia et al. studied IrO2/
Nb0.05Ti0.95O2 (26 wt%) and revealed the best mass-based activi-

ty at 1.6 V versus RHE (471 Ag@1 IrO2
@1) in 0.5m H2SO4 ;

[163] this
was 2.4-fold larger than that of unsupported IrO2 (198 Ag@1

IrO2
@1). Hao et al. found that 40Ir/TV-20 (titania doped with

20 at% V) emerged as the best V-doped titania support for the
IrO2 catalyst (2.015 V at 1 Acm@2, 80 8C).[165] The V dopant on ti-

tania supports enhanced the simplification of the phase com-
position, and consequently, improved the homogeneity of the
porous morphology, and introduced the VIV/VV redox couple to
the surface of titania. Other materials, such as ITO,[166,167]

TiC,[51,168, 169] TaC,[170,172] Ta2O5,
[171] WC, WO3,

[174–176] and reduced
graphene oxide (RGO),[177] were also studied as support materi-
als for anode catalysts. Puthiyapura et al. picked ITO as a sup-

port because of the remarkable thermal stability of ITO.[166] The
90% IrO2-ITO catalyst produced a similar performance (1.74 V

at 1 Acm@2) to that of unsupported IrO2 (1.73 V at 1 Acm@2)
under the same working conditions (MEA polarization test at

80 8C with Nafion 115 membrane). Kfflš et al. prepared a thin Ir

film on a TiC-based support sublayer through magnetron sput-
tering.[51] The supported Ir/TiC catalysts had a higher stability

than that of pristine Ir, which was in good agreement with the
findings by Sui et al.[168,169] WC and WO3 have been chosen as

supports,[174] and the optimal route to WO3/WC-supported
Ir0.5Ru0.5O2 catalysts was mechanical mixing of support and cat-

Figure 8. Schematic illustration of the OER on the IrOx shell of IrNiOx core–
shell NPs supported on Meso-ATO. Modified from Ref. [136] .
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alyst followed by annealing under an inert atmosphere. Kong
et al.[177] proved that the catalytic activity of the IrO2/RGO

(1.65 V vs. RHE at 5.01 Amg@1) hybrid towards the OER was
2.3 times that of commercial IrO2 (1.65 V vs. RHE at

2.19 Amg@1) in the OER polarization curves in 0.5m H2SO4 at
25 8C. These results were attributed to a better dispersion of

active IrO2 on the electrochemically inactive support, giving
rise to smaller catalyst particles, and thereby, a higher specific
surface area. All supported catalysts showed a higher efficiency

of utilization of the precious metal than that of pure IrO2, sug-
gesting that these oxides may be of economic advantage to
use as SPE water electrolysis anodes.

2.1.4. Structural modification of iridium oxides

NP materials efficiently dispersed on support, highly porous

layered, core–shell, and mixed oxide systems have been sug-
gested to reduce the loading of expensive elements. An alter-

native way is to structurally modify iridium oxides. Extensive
efforts have been devoted to resolving the structure–property

relationship.[178–194]

Recent development of techniques for the high-quality
growth of epitaxial complex oxide thin films and heterostruc-

tures provides an intriguing opportunity for the conception
and fundamental study of OER catalysts.[178, 179] For example, Sa-

veleva et al. developed a nanostructured iridium catalyst after
electrochemically leaching ruthenium from metallic iridium–

ruthenium,[178] that is, Ir0.7Ru0.3Ox (EC). The dissolution of unsta-

ble Ru led to an unparalleled OER activity of the remaining Ir-
rich catalyst compared with that of classic thermally treated

Ir0.7Ru0.3O2 (TT). Ir0.7Ru0.3Ox (EC) (1.68 V at 1 Acm@2) showed an
unparalleled 13-fold higher OER activity relative to that of

Ir0.7Ru0.3O2 (TT) (1.73 V at 1 Acm@2) ; thus proving that Ir0.7Ru0.3Ox

(EC) was one of the most efficient anodes, to date. Seitz et al.

reported an iridium oxide/strontium iridium oxide (IrOx/SrIrO3)

catalyst that was formed during electrochemical testing by
strontium leaching from surface layers of thin films of

SrIrO3.
[179] The IrOx/SrIrO3 catalyst outperformed well-known IrOx

and RuOx systems. DFT calculations suggested the formation of

highly active surface layers during strontium leaching with IrO3

or anatase IrO2 motifs. Surface IrOx formed by means of the in
situ leaching of Sr from SrIrO3, which was more active than
that of deposited IrOx. Figure 9 shows AFM maps and line

scans for a 100 nm SrIrO3 film before and after OER testing for
30 h. Although there was some surface rearrangement, the
films exhibited uniform, small features after stability testing.

The stability and high intrinsic activity of this catalyst are
promising for its integration into renewable energy technolo-

gies, such as PEM electrolyzers, for the sustainable production
of hydrogen or other fuels and chemicals.

In addition, the most prominent examples are iridium-based

perovskites, which have recently been investigated in acidic
electrolyte.[179–184] Grimaud et al. used La2LiIrO6 as a model cata-

lyst because the OER activity for Ir- or Ru-based oxides is often
associated with surface instability.[183] This correlation is rooted

in the activation of surface oxygen, leading to the modification
of iridium coordination. Perovskites show high dissolution in

the range of amorphous/hydrous oxide, and therefore, might

not be suitable for long-term operation. Similar structures can
be achieved by leaching Sr from SrIrO3 or Ni from IrNiOx.

[179,181]

A case study on iridium-based perovskites showed that leach-
ing of the non-noble elements from mixed oxides resulted in

the formation of highly active amorphous iridium oxide, the in-

stability of which was explained by the generation of short-
lived vacancies that favored dissolution. The participation of

activated lattice oxygen atoms triggered enhanced activity and
the high dissolution rate was due to oxygen vacancies. Activity

is not related to the chosen rare-earth element, but rather to
the amorphous structure that forms after leaching. These in-

sights inspired further research to be devoted to increasing

the utilization of highly durable pure crystalline iridium oxide
and finding solutions to stabilize amorphous iridium oxides.

Iridium, among other metals, is able to form an amorphous
hydrous oxide under continuous potential cycling. In these

studies,[185–187] the key role of amorphous iridium oxohydrox-
ides in high current, stable, OER electrocatalysis is highlighted,
in contrast to that of less active crystalline IrO2. Pfeifer et al. in-

vestigated the electronic structure of active iridium oxide
based catalysts and confirmed the higher OER performance of
amorphous iridium(III/IV) oxohydroxides in comparison with
that of IrO2.

[189, 190] The superior intrinsic activity of these materi-
als was relevant to the ability to accommodate nucleophilic re-
active oxygen species.[191] Willinger et al. concluded that the

ratio between corner- and edge-sharing IrO6 octahedra deter-
mined the OER activity.[193] Thus, a high number of corner-shar-
ing oxygen atoms (activated oxygen) facilitates the OER. They

also identified key hollandite-like structural motifs associated
with high catalytic activity and stability in the OER. Massu8

et al. synthesized novel iridium oxohydroxides through a rapid
microwave-assisted hydrothermal procedure, which bridged

the gap between electrodeposited amorphous IrOx films and

crystalline IrO2 electrocatalysts prepared through calcination
routes.[194] In addition, the K+ cation has a great influence on

the performance of the catalyst. The residual presence of K
ions in the IrOx-FHI (IrOx hydroxide synthesized at the Depart-

ment of Inorganic Chemistry of the Fritz Haber Institute) cata-
lyst might play an important role in catalytic stability because

Figure 9. AFM maps and line scans for a 100 nm SrIrO3 film before and after
OER testing for 30 h. Reproduced with permission from Ref. [179]. Copyright
The http://sciencemag.org Science 2016.
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it stabilizes the hollandite-like open framework structure.[193]

K+ cations present in smaller amounts in the iridium oxohydr-

oxides obtained for KOH/Ir (5:1) play a major role in stabilizing
a high-performance iridium oxohydroxide phase containing

high amounts of OER-relevant hydroxyl groups. These studies
provided several important clues for the structural features

that determined the OER performance of iridium oxohydrox-
ides.[194, 195]

3. Conclusions and Perspectives

Water is the most renewable resource available for sustainable
hydrogen production in the future. Water electrolysis is an im-

portant production method, and based on this technology, hy-
drogen with a high purity of up to 99.999 vol% can be ob-
tained upon drying and removal of oxygen impurities. SPE
water electrolysis has more advantages, including small size
and mass, low gas crossover and power consumption, high

proton conductivity, high pressure operation, and greater
safety, than those of traditional alkaline water electrolysis. For

SPE electrolyzers, the current efficiency has reached as high as

99%. The main disadvantage of SPE water electrolysis is slow
kinetics, which is one of the largest sources of cell efficiency

loss for the OER. The development of active and stable OER
catalysts has been extensively investigated.[89] The material

composition and morphology have an impact on the catalyst
activity toward the OER and corrosion stability. With increasing

temperature, the crystallite size and crystallinity increase, the

crystal specific surface area decreases, and the electrocatalytic
activity decreases.

There are two main strategies to improve the activity of an
electrocatalyst. One is to increase the number of active sites

on a given electrode, such as through alloying or doping inex-
pensive metals into the iridium catalyst or by supporting NPs

on high surface area materials, which can change the electron-

ic and structural properties and improve the activity and stabil-
ity. Supported catalysts can significantly increase the dispersion

of the active phase, providing a high specific surface area and
sufficient active sites for the OER. The other method is to in-

crease the intrinsic activity of each active site, which can be
achieved through the introduction of defects.

Many studies have been conducted on methods and materi-
als for the anodes of SPE water electrolysis, but the situation

remains challenging. To date, no credible alternative to IrO2

has been reported. Hence, substantial research and develop-
ment efforts are needed to elucidate the details of the elec-

trode–electrolyte interface in theory and experiments. The de-
velopment of both experimental and computational methods

is an important frontier that can precisely unravel the reaction
mechanisms on catalyst materials and under harsh operating

conditions. An appropriate theoretical model incorporating the

kinetics at the surfaces of the electrode and transport in the
membrane should be established to analyze the current–po-

tential characteristics of a SPE water electrolysis cell based on
the involved charge and mass balances. This useful information

will pave the way for the development of high activity and sta-
bility of OER catalysts.
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