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Abstract: Proton exchange membrane water electrolyzers (PEMWEs) for water electrolysis have re-

ceived tremendous attention due to their immediate response, high proton conductivity, low ohmic 

losses and gas crossover rate. However, design high activity, economical and long-term durable 

electrocatalysts in an acidic environment is still the bottleneck to realize the large-scale commercial-

ization of PEMWEs. Iridium-based materials represent one of the most promising classes of oxygen 

evolution reaction (OER) catalysts due to their intrinsic stability in acid media over ruthenium-

based counterparts. However, only a few innovative approaches have been developed to synthesiz-

ing iridium-based catalysts (IBCs) in the past decade, mainly due to achieving high activity may 

deteriorate the stability of IBCs. Accordingly, various engineering strategies of optimizing IBCs 

have been proposed to address this issue, including doping engineering, morphology engineering, 

crystal phase engineering and support engineering. Herein, a critical overview focusing on various 

synthesis and modulation strategies of IBCs is presented, based on an in-depth understanding of 

the relationship between electronic structures, charge redistribution and activity as well as stability 

of the electrocatalysts. In addition, the unprecedented achievements in PEMWEs are summarized. 

The reaction mechanisms and future perspectives are critically discussed to inspire more rational 

design of IBCs toward practical applications. 

Keywords: oxygen evolution reaction; water electrolysis; iridium-based catalysts; engineering strat-

egy; acidic OER 

 

1. Introduction 

Nowadays, clean energy utilization plays a significant role in human sustainability 

development. Green hydrogen, used as a primary energy carrier, has raised numerous 

attention due to its CO2-free conversion nature.1 Maintaining high purity of hydrogen is 

of vital importance for storage safety and the direct utilization in a fuel cell. PEMWEs with 

high purity and efficient hydrogen production are considered as the most promising ap-

proach to realize hydrogen generation for industrial application in this scenario.2 The 

PEMWEs have been known since 1960 when Leonard Niedrach and Thomas Grubb firstly 

used ion-exchange membranes as the electrolyte in hydrogen-oxygen fuel cells.3 PEMWEs 

consist of two half-cell reactions in the anode and cathode, which are known as hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER), respectively. HER is a 

two-electron transfer reaction, whereas OER is a four-electron transfer and multi-step re-

action with inherent sluggish kinetics. The OER is the key half-reaction determining the 

overall rate and efficiency of water splitting.4-6 Therefore, designing efficient and stable 

electrocatalysts to increase the rate of OER is critical for improving hydrogen evolution. 

In particular, the lack of effective and stable catalysts for oxygen evolution reaction has 

impeded its large-scale industrial application.  
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Iridium-based catalysts (IBCs) represent one of the most promising classes of OER 

catalysts due to their great intrinsic stability in acidic media. Thus, a number of innovative 

approaches to synthesizing IBCs have been developed in the past few years, such as mol-

ten salt method,7, 8 pulsed laser,9 selenic acid etching,10 wet chemistry method,11 solution 

combustion synthesis method,12 ammonia induction method,13 sol-gel route,14 template 

method,15 etc., which will be summarized in the third part of this review. Several excellent 

reviews on elucidating the mechanisms of the oxygen evolution reaction have been pub-

lished, mainly focused on the adsorption evolution mechanism (AEM), lattice oxygen evo-

lution mechanism (LOM), and the degradation mechanism of catalysts.16-18 Meanwhile, 

the relationship between electronic structure, surface atomic arrangement and electrocat-

alytic performance has been summarized.17 In this review, four main categories of modu-

lation strategies for optimizing the IBCs performance for the acidic OER will be present. 

As shown in Fig. 1, they are doping engineering (such as alkali metal doping and transi-

tion metal doping), morphology engineering (core-shell, nanosheets, porous, etc.), crystal 

phase engineering (1T and 3R phase control), and support engineering (metal, metal oxide 

and non-metal substrates). This will give a thorough grasp of the catalysts’ atomic modi-

fication tactics along with the synthesis methods, reaction kinetics, and catalytic mecha-

nisms of IBCs.  

 

Figure 1. Schematic illustration of four general engineering strategies on IBCs. Reproduced with 

permission.19 Copyright 2021, Wiley-VCH. Reproduced with permission.20 Copyright 2017, Ameri-

can Chemical Society. Reproduced with permission.21 Copyright 2018, American Chemical Society. 

Reproduced with permission.22 Copyright 2019, Elsevier. Reproduced with permission.23 Copyright 

2019, Springer Nature. Reproduced with permission.24 Copyright 2021, Sprinter Nature. Repro-

duced with permission.25 Copyright 2021, Elsevier. Reproduced with permission.26 Copyright 2020, 

American Chemical Society. Reproduced with permission.27 Copyright 2021, Elsevier. Reproduced 

with permission.28 Copyright 2019, Elsevier. 

2. Mechanisms of Acidic OER 

2.1. Conventional Adsorbate Evolution Mechanism 

As shown in Fig. 2, the OER process in acid solutions can be described as29-32 

* + H2O → *OH + H+ + e-          (1) 

*OH → *O + H+ + e-           (2) 
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*O + H2O → *OOH + H+ + e-          (3) 

*OOH → O2 (g) + H+ + e-          (4) 

where * denotes the intermediate species adsorbed on the active site. As for IBCs, the ac-

tive site is widely demonstrated as the coordinated unsaturated iridium (Ir) ion, and the 

low initial valence state of Ir ions is beneficial to weaken the Ir-O binding strength, result-

ing in high activity.33 This result is in accordance with the experimental works,24, 34 for 

example, Shao et al. confirmed that the lower valence Ir site in 1T-IrO2 is the active site, 

which can modulate the binding energy of hydroxyl groups.24 However, the AEM is not 

suitable for explaining the pH-dependent activity surface construction and dissolution of 

metal catalysts during acidic OER. The minimum theoretical overpotential for the OER in 

AEM is calculated to be 0.37 V, which is not satisfied with many new emerging electro-

catalysts.35, 36 Therefore, LOM has been proposed for illustrating the OER. The major dif-

ference between LOM and AEM is the source of O2, which is derived from water mole-

cules and lattice oxygen of oxide electrocatalysts in LOM, as depicted in Fig. 2.37 

 

Figure 2. Proposed mechanisms for OER in acid media: adsorbate evolution mechanism (AEM) and 

lattice oxygen mediated mechanism (LOM). Reproduced with permission.38 Copyright 2021, Wiley-

VCH. 

2.2. The Lattice Oxygen Mechanism 

The acidic LOM can be concluded as follows39, 40 
* + H2O → *OH + H+ + e-               (1) 

*OH → *O + H+ + e-                 (2) 

*O + OL → O2 + Vo                  (3) 

Vo + H2O → *OH + H+ + e-          (4) 

*H → * + H+ + e-                    (5) 

where *, OL, and Vo represent the active site, lattice oxygen, and surface oxygen vacancy, 

respectively. Firstly, water is adsorbed on the active sites, *OH and H+ will be produced. 

Secondly, the proton is desorbed from *OH with the production of *O. Afterward, the 

adsorbed *O couples with the lattice oxygen to release oxygen and simultaneously forms 

oxygen vacancies. Finally, the Vo sites and active sites cycle the catalysis.41 This mechanism 

suits for IBCs which easily forms oxygen and metal vacancies, and it has been verified 

experimentally and theoretically. Experimentally, IrNi@IrOx core-shell structure, the 

metal vacancies induced by Ni leaching resulted in high production of O2.34 Theoretically, 

Alexandrov group used density functional theory (DFT) calculations illustrated that the 

metal vacancies formed through dissolution led to a high catalytic performance.42  
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3. Strategies to Enhance the Acidic OER Performance of IBCs  

IBCs have been recognized as one of the best OER catalytic materials in acid media 

in terms of activity and stability. However, Ir is a precious metal suffering from scarcity 

and high cost, therefore reducing the dosage of Ir while maintaining the stability and ac-

tivity of IBCs is an everlasting research topic for the acidic OER.   

Up to now, many studies have focused on improving the electrocatalytic perfor-

mance of IBCs and reducing the amount of Ir loading. Enhancing the intrinsic activity 

entails adjusting intermediate surface energy for surface adsorption and desorption as 

well as their electron distribution, primarily through doping engineering and support en-

gineering. Meanwhile, crystal phase engineering and morphology engineering are effec-

tive to increase the exposure of active sites. This section will outline the theories, modula-

tion models, and experimental progress in these four engineering modification method-

ologies for enhancing the activity of IBCs. The electrocatalytic performance of IBCs is sum-

marized in Table 1.  

3.1. Doping Engineering 

It is worth noting that selecting the proper element composition is crucial for the OER 

activity and durability. In this regard, we will focus on the doping elements and their 

effects on the performance of IBCs in this section. Previous studies have clearly shown the 

importance of heteroatom doping and substitution, which can regularly alter the elec-

tronic structures of catalysts and optimize the adsorption energy of intermediates.43-45 

Transition metal and alkali metal elements listed in Fig. 3 have been utilized in doping 

engineering of IBCs. The OER performance of some of the these IBCs is summarized in 

Table 1. 

 

Figure 3. Screened elements that have been applied to improve the OER performance of IBCs. 
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Table 1. Summary of the acidic OER performance of the reported electrocatalysts. 

Catalyst Electrolyte 
Activity mV@10mA 

cm-2 

Tafel Slope 

mV dec-1 

Stability  

 
Refs 

Ru1Ir1Ox 0.5 M H2SO4 204 71.3 
110 h  

@100 mA cm-2 
19 

IrRu 0.5 M H2SO4 300 48 / 26 

RuIr-NC 0.05 M H2SO4 165 32 
40 h  

@10 mA cm-2 
46 

IrRu@Te 0.5 M H2SO4 220 75 
20 h  

@100 mA cm-2 
26 

Ta0.1Tm0.1Ir0.8O2-δ 0.5 M H2SO4 198 64 
500 h  

@1.5 A cm-2 
47 

IrNi 0.1 M HClO4 350 / 
2 h  

@10 mA cm-2 
48 

IrCo0.65 0.1 M HClO4 281 59.3 
5 h  

@10 mA cm-2 
49 

IrCoNi 0.1 M HClO4 303 53.8 
3 h  

@5 mA cm-2 
50 

Ir3Cu 0.1 M HClO4 298 47.4 
12 h  

@5 mA cm-2 
51 

IrHfxOy 0.1 M HClO4 300 60 
6 h  

@5 mA cm-2 
52 

Ir0.1Ta0.9O2.45 0.1 M HClO4 320 / / 53 

IrNi  

NPNW 
0.1 M HClO4 283 56.7 

3 h  

@10 mA cm-2 
54 

P-IrCu1.4  

NCs 
0.05 M H2SO4 311 53.9 

10 h  

@10 mA cm-2 
21 

Li-IrOx 0.5 M H2SO4 270 39 
10 h  

@10 mA cm-2 
55 

IrNi2-PE (H+) 0.05 M H2SO4 315 / / 56 

IrNiOx  

core-shell 
0.05 M H2SO4 300 / / 34 

Ru@IrOx  

core-shell 
0.05 M H2SO4 282 69.1 24 h @1.55V vs RHE 22 

Amorphous  

Ir NSs 
0.1 M HClO4 255 40 

8 h  

@10 mA cm-2 
57 

IrO2  

nanoneedles 
1 M H2SO4 313 57 

2 h  

@10 mA cm-2 
8 

1T-IrO2 0.1 M HClO4 197 49 
45 h  

@50 mA cm-2 
24 

3R-IrO2 0.1 M HClO4 188 / 
511 h  

@10 mA cm-2 
25 

Ir@N-G-750 0.5 M H2SO4 303 50 
20 h  

@20 mA cm-2 
28 

Ir-NiCo2O4  

NSs 
0.5 M H2SO4 240 60 

70 h  

@10 mA cm-2 
58 

Ir-MnO2 0.5 M H2SO4 218 59.61 
650 h  

@10 mA cm-2 
27 

3.1.1. Transition Metal Doping 

The intercalation of transition metals has been proved to be an effective way to en-

hance the electrocatalytic activity of the catalysts, because it can 1) modify the d-band cen-

ter,59 2) increase the concentration of highly active surface hydroxyl groups,60 and 3) opti-

mize interatomic distances and coordination numbers.61 These effects, which are brought 

by the ligand and strain effects of foreign metals, resulted in regulated chemisorption 
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behavior of intermediate species.62, 63 Straightforward transition metal intercalation is an 

efficient way to overcome the limited availability and unsatisfied property of iridium, by 

now, the most effective transition metal is ruthenium (Ru).26 Trace amount of Ru interca-

lation can enhance the activity and maintain the stability of Ir and IrO2, due to the same 

valence state and similar ion radius. Apart from Ru doping, other transition metals, such 

as Fe,64 Co64, 65, Ni,66, 67 Cu,51, 68, 69 Hf,70 Ta,71 W,72, 73 Pd,74, 75 and Rh76 (depicted in Fig. 3) have 

been applied to tailor the electronic structures of Ir and IrO2 electrocatalysts. As shown in 

Fig. 4a, Sun group incorporated Ru into IrOx through a solution combustion synthesis 

method. The intercalation of Ru upshifts the d-band center toward the Fermi level, in-

creases the portion of the unoccupied antibonding states above the Fermi level, which 

promotes the binding affinity of Ir sites with oxygen intermediates (Fig. 4b). Ru dopant 

effectively tunes the charge redistribution, and it is confirmed by the charge density dif-

ference between Ru1Ir1Ox and IrOx (Fig. 4c). Ir sites with lower than +4 valence state could 

enhance the acidic OER performance.19 Through reducing metal salts by refluxing eth-

ylene glycol (EG) and using poly-vinylpyrrolidone (PVP) as a stabilizer, Qiao et al. were 

able to dope Co and Ru into Ir and synthesized a bifunctional nanocrystal for water split-

ting in the acidic environment.77 They also established a linear activity dependence on 

reaction intermediate binding strength and trends in electrocatalytic activity with respect 

to reactive oxygen species concentration for OER. It is confirmed that Co leaching in-

creases the concentration of OI- species and does not alter the intrinsic shape of RuIr nano-

crystals (Fig. 4d), boosted the catalytic activity in OER.78-81 Kitagawa group reported a Ru-

Ir nanosized-coral (RuIr-NC) with only 6 at.% Ir by a hot-injection process, requiring only 

165 mV to achieve 10 mA cm-2geo (Fig. 4e). The stability was determined by the chronopo-

tentiometry measurement under a constant current density of 1 mA cm-2geo, RuIr-NC 

shows no noticeable degradation throughout 120 h (Fig. 4f). The optimal performance of 

RuIr-NC results from the preferential exposed (0001) facets, as shown the in atomic-reso-

lution aberration corrected high-angle annular dark-field scanning transmission electron 

microscope-scanning transmission electron microscope (HAADF-STEM) image from the 

selected area (Fig. 4g), the hexagonal atomic configuration shown in the nanosheets cor-

responds to the (0001) hexagonal closed-packed (hcp) lattice plane.46 The (0001) facet has 

the lowest surface energy of hcp structures,82 therefore, it could better protect Ru than 

other facets from corrosion via resisting oxidation. Through a quick pyrolysis, Jin group 

fabricated an IrO2 electrocatalyst doped with tantalum and thulium with several grain 

boundaries, resulting in a low potential of 198 mV at 10 mA cm-2. Theoretical simulations 

show that the torsion-strained Ir-O bonds produced by the grain boundaries synergistic 

effects and the doping of Ta and Ru modified the adsorption energy of oxygen interme-

diates, thus improved the OER activity of the IBCs.47 
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Figure 4. (a) Schematic illustration of the synthesis procedures for the prepared catalysts. (b) Sche-

matic diagram of the band structures for IrOx, RuOx, and Ru1Ir1Ox. (c) Charge density difference for 

IrOx and Ru1Ir1Ox (Blue and yellow colours represent charge depletion and accumulation, respec-

tively). Reproduced with permission.19 Copyright 2021, Wiley-VCH. (d) Schematic of OER and HER 

mechanism on Co-RuIr electrocatalyst in acidic media. Reproduced with permission.77 Copyright 

2019, Wiley-VCH. (e) Geometric activity (current density normalized by electrode surface area) of 

RuIr catalysts (LSV profiles are obtained by cathodic scan). (f) Chronopotentiometric curves under 

the OER current density of 1 mA cm-2geo. (g) HAADF-STEM image from the selected area showing 

the extended (0001) plane. Reproduced with permission.46 Copyright 2021, Springer Nature. 

In order to alloy Fe, Co, and Ni with Ir, Zhang and colleagues exploited a new eutec-

tic-directed self-templating synthesis technique. Among these alloys, IrNi shows the best 

OER activity with an overpotential of 283 mV to drive 10 mA cm-2. Through DFT calcula-

tions, they found that these catalysts exhibit a transition-metal-dependent trend in their 

catalytic activity, with the regular weakening of the adsorption energy of intermediates 

caused by the negative shift of the d-band center of Ir after doping.83 Huang et al. devel-

oped a surfactant-free, wet-chemical large-scale approach to synthesize IrM (M = Ni, Co, 

Fe) nanoparticles, achieved 10 mA cm-2 at a potential of only 1.58 V in 0.5 M H2SO4, which 

inducts a new direction toward modifying “acidic stable” catalysts for efficient overall 

water splitting.64 Luo and co-workers reported a colloidal method for synthesizing petal-

like nanodendrites IrCo alloy. The resulting IrCo0.65 nanodendrites exhibit remarkable 

OER performance with an overpotential of 281 mV to achieve 10 mA cm-2 in 0.1 M HClO4, 

benefitted from the unique hierarchical architecture and strong electronic interaction re-

sulted from the synergistic alloying effect of IrCo at the atomic level.65 Pivovar et al. pro-

posed a galvanic displacement method to synthesize IrCo nanowires, their stability was 

enhanced through acid leaching.84 Huang group inserted Cu into Ir crystals through a 

colloidal-chemical approach.21 The effective synthesis of IrxCu bimetallic aerogels using 

nanovoids as building blocks was demonstrated by Lin’s team. The specific thermochem-

ical characteristics of Ir and Cu were revealed by the void formation mechanism using a 

galvanic displacement reaction and gelation process.51 Steven fabricated Ir0.89Cu0.11 hy-

drous oxide nanoparticles through simply stirring solutions of IrCl3 hydrate and CuCl2 
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hydrate in KOH under atmospheric environment.69 Li group used a simple one-pot strat-

egy to produce uniform Ir-Cu nanoframes with highly open structures. The key to obtain-

ing alloy nanoframes was the dedicated control of the reduction and galvanic replacement 

reactions between different metals.68  

The electronic structures of Ir can be significantly tuned by alloying with transition 

metals such as Fe, Co, Ni, and Cu, caused by the different ionic radii and valence states of 

the host and guest ions. This can optimize adsorption and desorption of adsorbates on the 

catalyst surface and consequently improve the OER performance.  

Strasser and co-workers adjusted the ratios of Ni into IrO2, and obtained a volcano-

type OER activity curve, achieving a champion overpotential at 67% Ni with an unprece-

dented 20-fold improvement over IrO2.78 They provided atomic-scale insights into the re-

lationship between the structure, activity, and stability of this novel type of catalyst. They 

suggested the coverage of reactive surface hydroxyls model to be used as a descriptor for 

the OER activity, indicating that the Ni dissolution and disruption of Ir-O-M motifs re-

duced the binding strength of the surface hydroxyls and promoted the catalytic activity.  

3.1.2. Alkali Metal Doping 

It is proved that alkali metal incorporation could prompt the formation of highly dis-

ordered structures of electrocatalysts, which permits the stabilization of active sites within 

the lattice, resulting in high activity and stability for the OER.20, 85 Highly distorted struc-

tures are immune to suffer structural variations without being destroyed when subjected 

to voltage changes.86 

Willinger and co-workers synthesized a K0.25IrO2-hollandite motif through a micro-

wave-assisted hydrothermal synthesis method and compared the atomic arrangement 

with the commercial rutile-type IrO2. They found that the activity of OER is correlated to 

the interconnected hollandite-like structural domains with short-range ordering. The ru-

tile, hollandite, and romanechite structures viewed along the (001) direction are viewed 

by HAADF (Fig. 5a).20 The tunnel-like motifs in the disordered hydroxides are possible to 

facilitate the transport and exchange of relevant species and play a vital role in promoting 

the catalytic activity. The mixed Ir oxidation state in the open three-dimensional network 

suggests a redox mechanism in which the change from corner- to edge-sharing, and vice 

versa, provides a path for release and uptake of oxygen atoms. This experimental result 

was further confirmed by Soon group, upon K-intercalation, a down-shift to lower ener-

gies in the averaged projected crystal orbital Hamilton population (-pCOHP) plot is ob-

served, as shown in Fig. 5b, corresponding to a reduction in bond strength for the Ir-O 

bonds, implying that the intercalation of K+ ions in the hollandite-type IrO2 could enhance 

the OER performance.87 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 October 2022                   doi:10.20944/preprints202210.0388.v1

https://doi.org/10.20944/preprints202210.0388.v1


 

 

 

Figure 5. (a) Comparison of tunnel-like structural types with iridium clusters revealed by HAADF. 

Reproduced with permission.20 Copyright 2017, American Chemical Society. (b) Averaged projected 

crystal orbital Hamilton population (-pCOHP) between the Ir and O atoms in R-IrO2 and Ho-IrO2. 

Reproduced with permission.87 Copyright 2022, Springer Nature. Operando X-ray absorption spec-

troscopy. (c) In-situ XANES spectra of Li-IrOx, (d) In-situ EXAFS spectra of Li-IrOx. Reproduced with 

permission.85 Copyright 2019, American Chemical Society. 

Liu et al. synthesized an amorphous Li-IrOx with an outstanding acidic OER overpo-

tential of 270 mV at 10 mA cm-2 for 10 h of continuous operation. They pointed out that 

the high distortion of [IrO6] octahedron units is the origin of the high activity.85 Oxidation 

of iridium to higher oxidation states along with shrinkage in the Ir-O bond during the 

acidic OER catalysis process was observed by the in-situ X-ray absorption spectroscopy 

on the amorphous Li-IrOx. As shown in Fig. 5c, X-ray absorption near edge structure 

(XANES) spectrum shows that the absorption peak of the Ir LIII edge upshifts to higher 

energies (from 11221.0 to 11221.5 eV) when the applied potential is increased from 1.05 to 

1.45 V vs. RHE, revealing that an increase of the oxidation state of Ir in Li-IrOx. The Ir-O 

bond length shrinks from 1.61 to 1.30 Å when the potential is increased from 1.05 to 1.45 

V vs. RHE and recovers to its initial length after removing the external bias, as depicted 

in the extended X-ray absorption fine structure (EXAFS) spectrum (Fig. 5d). Much more 

“flexible” disordered [IrO6] octahedrons in the amorphous Li-IrOx as compared to the pe-

riodically interconnected “rigid” [IrO6] octahedrons in crystalline IrO2 can act as more 

electrophilic centers and thus could effectively promote the fast turnover of water oxida-

tion. 

3.2. Morphology Engineering 

Morphology engineering is an efficient approach to increase the exposure of active 

sites. The morphology of the electrocatalysts is significantly influenced by the synthesis 

methods and conditions. Therefore, electrocatalysts with different morphologies synthe-

sized by various preparation strategies will be discussed in this part, such as porous nano-

crystals with chemical etching strategy, core-shell structures with a sequential polyol 

method, nanosheets with wet chemistry, and metal melting methods. 

3.2.1. Porous Structure 
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Porous structure is beneficial for enhancing the catalytic performance of IBCs in 

acidic OER, due to its extremely large surface areas, accessible pores and selective adsorp-

tion.88, 89 Huang group developed a facile chemical dealloying strategy to fabricate porous 

IrCux and IrNix nanocrystals, which provides a promising method for preparing three-

dimensional porous IBCs.21, 56 They used nitric acid to selectively leach Cu from the pris-

tine solid IrCux alloy nanocrystals (Fig. 6a) and compared the activity and stability with 

the pristine and porous nanocrystals.21 Many pores (<5 nm) can be observed within the 

particles, resulting in the interrupted lattice fringe in the particle (Fig. 6b). Similar porous 

structures could provide abundant defects that are beneficial to the electrocatalytic per-

formance.90, 91 The optimized porous IrCu1.4 NCs show excellent OER activity with only 

311 mV of overpotential to reach 10 mA cm-2 in 0.05 M H2SO4.  

 

Figure 6. (a) Schematic illustration of the transformation from S-IrCu to P-IrCu NCs via chemical 

dealloying. Reproduced with permission.21 Copyright 2018, American Chemical Society. (b) 

HRTEM image of P-IrCu1.4. The yellow dashed curve highlights the pores in the particle. Repro-

duced with permission.21 Copyright 2018, American Chemical Society. (c) Schematic representation 

of the surface structure changes of IrNix-C after OER electrocatalysis under acidic conditions. Re-

produced with permission.56 Copyright 2018, American Chemical Society. (d) Line scan analysis of 

the IrNi2-C. Reproduced with permission.56 Copyright 2018, American Chemical Society. 

Simultaneously, the dissolution of Ni component in the acidic electrolyte creates an 

Ir-skin structure with Ni in the subsurface, which is comparable to the effect of chemical 

etching and results in the OER performance improvement (Fig. 6c). The line scans (Fig. 

6d) further proved that the inner Ni was leached, leading to the Ir-rich frame during OER 

catalysis, exhibiting a similar behavior as the chemical etching processes.56 

3.2.2. Core-Shell Structure 

Core-shell structures have advantages in enhancing the catalytic performance of elec-

trocatalysts due to 1) the charge redistribution at the metal core-shell heterojunction’s 
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favorable surface valence states; and 2) the core-shell nanostructure’s protection of inner 

sites, which could reduce metal cation dissolution rates.92, 93  

IrNi@IrO2 core-shell structure was obtained by Strasser et al. through controlling the 

surface oxidation of Ir and dealloying selective surface Ni, triples the activity of the OER 

over IrO2 catalyst. Furthermore, they demonstrated that Ni leaching occurs during the 

hole-doped IrNiOx core-shell catalysis, resulting in lattice vacancies, which shortens Ir-O 

metal ligand bonds and increases the number of d-band holes in the iridium oxide shell.34 

The metal vacancies induced by the metal leaching could attribute to a high degree of Ir-

O covalence state and enhance the IBCs catalytic performance. Qiao and colleagues en-

hanced the activity and stability of IrO2 catalysts by inducing charge redistribution inside 

the heterostructure electrocatalysts. Through a sequential polyol method under refluxing 

conditions, they synthesized Ru@IrOx core-shell structures with the synergistic interaction 

in terms of electron and structure (Fig. 7a).22 The increased valence of the iridium shell 

(Fig. 7b) and the decreased valence of the ruthenium core greatly boosted the OER activity 

and stability in an acid medium (Fig. 7c). The universal methods to create oxygen vacan-

cies in metal complexes include sodium borohydride and hydrogen reduction, plasma 

irradiation, and thermal annealing under argon or air conditions.90, 94 Chen group added 

an excess amount of sodium borohydride to co-reduce the Ir and metal, creating oxygen 

vacancies and achieving an excellent OER activity, as well as reduced the iridium loading 

through synthesizing Ir/Fe4N core-shell particles with nitride cores.93 The DFT calculated 

ΔE [ΔG(*O) - ΔG(*OH)] values on IrO2/Fe4N are higher than those of on the IrO2(110) and 

IrO2/Ni4N (Fig. 7d), which means that Ir/Fe4N core-shell structure could prompt the OER 

activity close to the predicted volcano peak. The EXAFS spectrum measured at an open-

circuit voltage (OCV) shows that the Ir is coordinated with Ir and Fe, and Fe is in the iron-

nitride state as the core, which maintained stable during the acidic electrocatalysis (Fig. 

7e, f). 

 

Figure 7. (a) Scheme of the Ru@IrOx core-shell structure nanocrystal. (b) Ir L3-edge synchrotron-

based XANES data of Ru@IrOx and RuIrOx electrocatalysts and the references. (c) LSV curves nor-

malized by using geometrical surface area of various electrocatalysts in N2-saturated 0.05 M H2SO4 

solutions. Reproduced with permission.22 Copyright 2019, Elsevier. (d) DFT-optimized geometries 

of IrO2(110), O adsorbed on IrO2(110), OH adsorbed on IrO2(110), IrO2/Fe4N, O adsorbed on 

IrO2/Fe4N, and OH adsorbed on IrO2/Fe4N, respectively. Ir, dark blue; Fe, purple; O, red; N, light 

blue; H, white. Yellow metal site represents an oxygen vacancy site for the adsorption of OER inter-

mediates O and OH. (e) Ir L3 EXAFS spectrum for Ir/Fe4N at OCV. (f) Fe K EXAFS spectrum for 

Ir/Fe4N at OCV. Reproduced with permission.93 Copyright 2018, American Chemical Society. 
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3.2.3. Nanosheet 

Two-dimensional (2D) nanomaterials have gradually attracted extensive research at-

tentions since Geim and Novoselo obtained graphene via the exfoliation method in 2004.95 

2D materials have been widely used in the field of electronics, biology, energy, and catal-

ysis due to their distinctive physical, chemical, optical, and electrical properties. In partic-

ular, nanosheets represent a new class of electrocatalysts with enhanced acidic OER per-

formance, which is attributed to three reasons: 1) More atoms are exposed as active sites;96, 

97 2) The sheet-like structures can offer large surface area to contact with the electrolyte 

and thus boost the reaction between reactants and catalysts;96-98 3) The robust and flexible 

nanosheet structure may be more stable than some other nanomaterials.99 Wet-chemical 

reduction synthesis method is regarded as the most efficient way to prepare nanosheets 

with high catalytic performance.100 A good example is the formation of mesopores in the 

plane of 2D Ir nanosheets by Yamauchi and colleagues through a wet chemical reduction 

process (Fig. 8a). The mesoporous Ir nanosheets demonstrated exceptional high activity 

with an overpotential of 240 mV at 10 mA cm-2 in 0.5 M H2SO4, due to abundant highly 

accessible exposed surface active sites.101  

 

Figure 8. Schematics of strategies for synthesizing nanosheets. (a) Wet chemistry synthesis method. 

Reproduced with permission.101 Copyright 2018, American Chemical Society. (b) Solid melting 

method. Reproduced with permission.23 Copyright 2019, Springer Nature. (c) Microwave-assisted 

method. Reproduced with permission.67 Copyright 2018, American Chemical Society. 

Amorphous electrocatalysts are favorable for achieving high catalytic activity and 

long-term stability because of their rapid electron and mass transfer channels, structural 

flexibility, and resistance to aggregation.23, 102 Li and co-workers developed a comprehen-

sive approach for fabricating amorphous noble metal nanosheets with customizable atom 
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arrangement via the direct annealing a mixture of metal acetylacetonate and alkali salts 

(Fig. 8b).23 The amorphous Ir nanosheets show excellent activity and durability, which is 

benefitted from the abundant active sites and unique atomic structures. It is important to 

note that the synthetic temperature should lie between the melting points of metal acety-

lacetonate and alkali salt because annealing below the melting point of metal acety-

lacetonate will not drive the reaction, whereas annealing above the melting point of alkali 

salt will produce crystalline materials. This molten salt synthesis method can be used for 

industrial applications due to its simple preparation procedure and scalability.103, 104 

Rhodes et al. coupled the microwave assisted hydrothermal procedure with the thermal 

reduction treatment to optimize the electrocatalytic performance of NiIr nanosheet (Fig. 

8c).67 They found that the thermal reduction temperature strongly affects the IBCs surface 

structure and OER activity. In addition, other IBCs, such as bimetallic nanowires,84 ul-

trathin IrO2 nanoneedles,8 trimetallic nanocages105 have been reported to perform excel-

lently in terms of activity and durability in acidic OER.  

3.3. Crystal Phase Engineering 

Crystal phase engineering refers to changing the arrangement of atoms to regulate 

the physical and chemical properties of materials, which can optimize the performance of 

various electrocatalysts because of its ability to govern electronic structure and coordina-

tion chemistry.106, 107 Unconventional crystal phases may lead to superior electrocatalytic 

performance of IBCs. For example, using a home-made mechano-thermal reactor (Fig. 9a) 

with a heating rate of 10 °C min-1 and a rotation speed of 6 rpm, Shao group synthesized 

the tetragonal phase IrO2 (1T-IrO2) with an ultralow overpotential of 197 mV to reach the 

current density of 10 mA cmgeo-2.24 As shown in the X-ray diffraction (XRD) pattern (Fig. 

9b), the peaks show the layered structures along the c-axis are corresponding to the (0001) 

and (0002) diffraction planes, respectively. The peak at about 12.81° is an important fin-

gerprint to distinguish the unit-cell parameter c along c direction, which is calculated to 

be ~6.91 Å. The key to the high-performance acidic OER is the optimized Ir active site in 

the 1T-phase and the ultrathin 2D structure. Computational calculations reveal that the 

catalytic origin of 1T-IrO2 in OER can be attributed to the optimized free energy that in-

creases the binding hydroxyl groups on Ir atoms (Fig. 9c). Simultaneously, the same group 

obtained the rhombohedral phase IrO2 (3R-IrO2) through a microwave-assisted mechano-

thermal method (Fig. 9d). The trigonal crystal structure of 3R-IrO2 was revealed by the 

XRD pattern, as depicted in Fig. 9e. Since it only completely transforms into rutile-IrO2 at 

an annealing temperature of up to 900 ℃, 3R-IrO2 is a stable phase, resulting in an excel-

lent stability under the current density of 10 mA cmgeo-2 (the overpotential of 3R-IrO2 shifts 

only about 30 mV after 511 h). Both the interlayer and intralayer space, when combined 

with the intralayer Ir vacancies, are beneficial for the fast proton diffusion (Fig. 9f). A com-

pletely new working pathway for the acidic OER is provided by the improved proton 

transportation through the in-plane 2D confining structure and the vertical direction 

through iridium vacancies.25 
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Figure 9. (a) Schematic representation of the mechano-thermal reactor for preparing 1T-IrO2, where 

the mechanical and thermal operations are controlled simultaneously. The blue and yellow balls 

indicate IrCl3 and KOH, respectively. (b) XRD pattern of 1T-IrO2. (c) The free energy profile of OER 

over the 1T-IrO2. Reproduced with permission.24 Copyright 2021, Sprinter Nature. (d) The schematic 

synthesis of the microwave-assisted mechano-thermal method for 3R-IrO2. (e) XRD pattern of 3R-

IrO2. (f) The proton transportation pathway along interlayers and intralayers in 3R-IrO2. Repro-

duced with permission.25 Copyright 2021, Elsevier. 

3.4. Support Engineering 

Support materials are of vital importance for PEMWEs but have not been intensively 

studied for catalyst design until recent years. Strasser and co-workers demonstrated a 

support-stabilizing effect that contributes to the corrosion durability of Ir catalyst in acidic 

water splitting. Through adjusting the electronic interaction between catalyst and sup-

port, the growth of higher-valent Ir oxides and the subsequent dissolution can be effec-

tively restrained.108 Moreover, both Ir and Ru are precious rare metals in the Earth’s crust, 

therefore using catalysts loaded on conductive supports is a favorable strategy to reduce 

the amount of precious metal required to satisfy the practical and large-scale applica-

tions.109, 110 Up to now, various substrates such as carbon, Ni foam, TiOx, and antimony-

doped tin oxide (ATO) have been explored to support the electrocatalysts for water split-

ting.102, 111-114 However, carbon and Ni can hardly be used in practice, as they would be 

oxidized at relatively low anodic potentials. Even for the ATO support materials, it may 

become unstable under the harsh acidic OER conditions.115 The suitable support should 

be corrosion-resistant and electronically adjustable. Metal, metal oxide, and non-metal 

substrates have been utilized to enhance the activity and stability of acidic OER, which 

will be summarized in this section. 

3.4.1. Metal Substrate 

Due to the synergic effects, the combination of Ir and metal substrate may give rise 

to enhanced electrocatalytic activity and stability over the individual components. For in-

stance, Xiong et al. fabricated a biphasic alloy using a water-cooling copper mold casting 

method under a high-purity argon atmosphere.116 As shown in the transmission electron 

microscopy (TEM) image (Fig. 10a), region A (the IrW phase) and B (the W-rich phase) are 

interconnected in the alloy, dominantly resulted from the rapid cooling rate during melt-

ing. This support-stabilizing effect prevented the surface Ir from agglomeration, achieved 

an optimized performance that the current density reaches 2 A cm-2geo, but the overpoten-

tial still maintains a low value of ~497 mV, which demonstrates that this catalyst has great 

potential for application in industrial PEM devices. To gain a thorough understanding of 

the catalyst’s dissolving behavior during the acidic OER, they combined the chronopoten-

tiometry test at 100 mA cm-2geo with the inductively coupled plasma-optical emission 
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spectrometry (ICP-OES) characterization. The measurement indicates that trace amount 

of Ir was dissolved (up to 0.11 mg L-1) in the 0.5 M H2SO4 along with the 120 h stability 

test, which is an order of magnitude less than the W leaching (up to 3.25 mg L-1) into the 

electrolyte (Fig. 10b). They modelled the differential charge densities of the IrO2 cluster 

adsorption on the IrW (002) surface to further study the interfacial electron-transfer pro-

cess (Fig. 10c). The charge distribution of Ir and O atoms is altered with the support of the 

IrW. Particularly, Ir atoms lose electrons whereas O atoms gain electrons. The accumula-

tion of positive charges at Ir atoms could promote the formation of the catalytical active 

IrO intermediates,117 thereby boosting the OER performance. These findings show an elec-

trocatalytic activity and stability win-win strategy, which is attributed to the catalyst-sup-

port interactions. 

 

Figure 10. (a) TEM image of the W-Ir-B alloy. (b) Dissolution amount variation of Ir and W elements 

during the 120-h acidic OER test at 100 mA cm-2geo. (c) Computed differential charge density of the 

IrO2 cluster adsorbed to the IrW (002) surface. Yellow and blue bubbles represent the positive and 

negative charges with an iso-value of 0.005 e Å-3, respectively. Reproduced with permission.116 Cop-

yright 2021, Sprinter Nature. (d, e) Computed PDOS of IrRu@Te and unsupported IrRu catalysts. 

The vertical solid and dotted lines represent the d-band center of unsupported IrRu and IrRu@Te, 

respectively. The Fermi level is set to zero. Reproduced with permission.26 Copyright 2020, Ameri-

can Chemical Society. 

Liu group reported a one-pot hydrothermal method to synthesize IrRu@Te, where 

IrRu clusters scattered over an amorphous tellurium nanoparticle support.26 IrRu@Te ex-

hibits better performance compared with that of the unsupported IrRu and the commer-

cial Ir- and Ru-based catalysts. This can be attributed to the charge transfer between IrRu 

and the support, which is verified by the projected density of state (PDOS) results. As 

shown in Fig. 10d and e, the PDOS of the catalyst shifts toward the Fermi level after load-

ing IrRu on Te (IrRu@Te), and the corresponding d-band center shifts from -1.76 to -1.65 

eV in Layer 1 and from -2.23 to -2.01 eV in Layer 2.  

3.4.2. Metal Oxide Substrate 

There has been growth of interest in the metal dispersed on metal oxide substrates 

prepared by deposition method.118 The surface of these systems possesses a number of 

unique electronic, adsorption, and reaction properties due to their multicomponent struc-

ture, which is beneficial to optimizing the catalytic performance of IBCs. Yan and 
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colleagues prepared Ir single atoms on ultrathin NiCo2O4 porous nanosheets through a 

co-electrodeposition method (Fig. 11a). As shown in Fig. 11b, the HAADF-STEM image 

of Ir-NiCo2O4 NSs indicates that the Ir single-atoms (Ir-SAs) scatter on the NiCo2O4 porous 

nanosheet. It can be concluded from the EXAFS spectra (Fig. 11c) that the Ir-NiCo2O4 NSs 

sample only has the Ir-O scattering path, because the peaks of second Ir-IrI shell and the 

third Ir-IrII shell from Ir-NiCo2O4 NSs cannot be detected, while they are observable in the 

commercial IrO2. The atomic Ir sites could enhance the electronic activity of surface lower 

coordinated Co sites nearby Vo, enabling improvements of the surface electronic ex-

change-and-transfer capabilities, thus the catalyst shows superior OER activity with an 

overpotential of 240 mV at 10 mA cm-2, and 70 h stability in acid media (Fig. 11d).119 Ge et 

al. firstly demonstrated lattice oxygen redox in Ir single-sites supported with MnO2 (Fig. 

11e), the EXAFS results (Fig. 11f) reveal that the covalency contraction between Ir and O 

accounts for about 5% Ir-O bond length shrinking in Ir-MnO2 (1.57 Å) compared to IrO2 

(1.65 Å), allows for more than 42 times mass activity than that of the commercial IrO2 as 

well as over 650 h stability (Fig. 11g).27  

 

Figure 11. (a) Structure of Ir-NiCo2O4 NSs. (b) HAADF-STEM image of Ir-NiCo2O4 NSs, indicating 

the Ir-SAs. (c) EXAFS spectra of IrO2 and Ir-NiCo2O4 NSs. (d) Chronoamperometric response of 

NiCo2O4 and Ir-NiCo2O4 NSs for OER at 10 mA cm-2 in 0.5 M H2SO4. Reproduced with permission.119 

Copyright 2020, American Chemical Society. (e) Representative high-magnification HAADF-STEM 

image of Ir-MnO2, in which the bright spots highlighted by the red circles are ascribed to Ir single 

atoms. (f) Fourier-transforms of k3-weight Ir L3-edge EXAFS spectra for Ir-MnO2 and commercial 

IrO2. (g) Chronopotentiometric response of Ir-MnO2 for OER at 10 mA cm-2. Reproduced with per-

mission.27 Copyright 2021, Elsevier. (h) Scheme of the oxygen evolution reaction on the IrOx shell of 

IrNiOx core-shell NPs supported on Meso-ATO. (i) XRD patterns, vertical solid lines indicate (111) 

database reflections of pure metallic Ir and Ni; open triangles and solid rhombuses indicate database 

main reflections of NiO and antimony-doped tin oxide, respectively. (j) Constant current chronopo-

tentiometric stability measurements at a current density of 1 mA cm-2. Reproduced with permis-

sion.120 Copyright 2015, Wiley VCH. 

Similarly, Strasser and colleagues anchored IrNiOx core-shell particles on high-sur-

face-area mesoporous antimony-doped tin oxide (IrNiOx/meso-ATO) through electro-

chemical Ni leaching and subsequent Ir oxidation (Fig. 11h). They probed the influence of 

the annealing temperature on the durability of IrNiOx/meso-ATO and uncovered the 
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detrimental impact of segregated NiO phases. As shown in Fig 11i, the reflection peak 

between 40 and 45° (corresponding to (111) plane of the alloy crystallites)121 shifted to 

smaller 2θ with the annealing temperature is increased, indicating that enrichment in Ir 

at decreased crystalline size. They found that IrNiOx/meso-ATO-180 annealed at 180 ℃ 

shows an outstanding stability under constant current load for approximately 20 h (Fig. 

11j).120 To reduce the usage amount of Ir, Daniel et al. employed a solvothermal reduction 

to achieve a remarkable low Ir bulk density (approximately 0.08 g cm-3) using microporous 

ATO-supported iridium oxides catalysts. This electrocatalyst reaches a current density of 

63 A gIr-1 at an overpotential of 300 mV.122 Mendes made a comparison of activity and 

stability among Sb-SnO2 (IrOx/ATO), In-SnO2 (IrOx/ITO) and SnO2 supports, demonstrat-

ing that In-SnO2 offers the optimum balance of activity and stability while also lowers the 

amount of Ir.123 Thomas group developed a one-step molten method to disperse iridium 

oxide nanoparticles in titania, which possesses a high surface area for contact between the 

electrolyte and catalyst, leading to a high OER performance.124 

3.4.3. Non-Metal Substrate 

High electrical conductivity and stability of non-metal substrate are indispensable 

for the catalyst supports to achieve desirable electrocatalytic performance. Therefore, de-

fective graphene and carbon nanotubes are selected to be substrates for enhancing the 

electrocatalytic performance of IBCs. Typically, iridium-copper oxide nanoclusters sup-

ported on defective graphene (DG) (IrCuOx@DG) were fabricated by Zhu group using a 

facile Ar plasma treatment. The subsequently formed porous IrOx nanoclusters dispersed 

on DG (Fig. 12a) sample was obtained through acid leaching to remove Cu.125 In 0.5 M 

H2SO4, the P-IrOx@DG outperforms the commercial IrO2 and O-IrOx@DG due to the intro-

duction of unsaturated Ir atoms by Cu removal. By doping Ir single atoms into Fe nano-

particles and then dispersing Ir-SA@Fe onto the surface of nitrogen-doped carbon nano-

tubes (Ir-SA@Fe@NCNT), Cai and co-workers were able to double-encapsulate Ir, as illus-

trated in Fig. 12b.126 Ir-Fe coordination considerably suppresses the oxidation of Ir atoms, 

which lowers the adsorption strength of oxygen intermediates and achieves an overpo-

tential of 250 mV at 10 mA cm-2. Moreover, Ir-Fe bonding interaction has successfully pre-

vented the dissolution of Ir atoms, and the encapsulation of Ir-SA@Fe nanoparticles into 

nitrogen-doped carbon nanotubes (Fig. 12c) further inhibited this process, assuring the 

robust stability (10 mA cm-2 for 12 h without obvious attenuation). 

Through the annealing treatment, Li group dispersed ultrasmall Ir nanoparticles on 

nitrogen-doped graphene sheets (Ir@N-G-750), which exhibited enhanced durability with 

undecayed current density of 20 mA cm-2 for 20 h continuous electrocatalysis. DFT calcu-

lations demonstrated that affluent Ir-N (especially the pyridinic-N) coordination stabilizes 

the Ir clusters (Fig. 12d), leading to an obviously reduced electron affinity of Ir atoms. The 

weakened Ir-O bonding due to the interfacial charge transfer accounts for an improved 

catalytic activity with an overpotential of 303 mV at 10 mA cm-2.28  
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Figure 12. (a) The schematic illustration for the synthesis of P-IrOx@DG hybrids. Reproduced with 

permission.125 Copyright 2021, Wiley-VCH. (b) Schematic illustration of the preparation of Ir-

SA@Fe@NCNT electrocatalyst. (c) HR-TEM of Ir-SA@Fe@NCNT electrocatalyst. Reproduced with 

permission.126 Copyright 2020, American Chemical Society. (d) The variation of calculated adhesion 

energies of Ir in different models. Reproduced with permission.28 Copyright 2019, Elsevier. 

4. Conclusions and Perspectives 

Up to now, tremendous breakthroughs have been accomplished in improving the 

catalytic performance of IBCs for the acidic OER. In this review, we systematically sum-

marized four primary engineering strategies and the most recent advances of developing 

IBCs in acidic OER, including doping engineering, morphology engineering, crystal phase 

engineering, and support engineering. Besides, common synthesis methods for preparing 

different morphologies of IBCs are illustrated, which provide a thorough and explicit 

guidance for synthesizing and optimizing the catalytic performance of IBCs in acid envi-

ronment. Additionally, the effect of various engineering strategies and reaction mecha-

nisms are discussed. To overcome the limitations of IBCs, more systematic and in-depth 

work should be continuously conducted, both theoretically and experimentally. It is in-

dispensable to carry out in-depth studies on the electrocatalytic and dissolution mecha-

nisms as well as to develop new universal easy-to-use synthesis techniques, before pro-

moting their mass-application in commercial fields. Although IBCs for acidic OER have 

been well developed, further work should be done on the following aspects. 

(1) Deep Insight into the Reaction and Dissolution Mechanisms of IBCs in Acidic OER 

Although various explanations for the reaction and dissolution of acidic OER have 

been proposed, it is still unknown whether a universal reaction mechanism for the IBCs 

exists. A feasible method for simulating the reaction and dissolution mechanisms during 

acidic OER of IBCs is combining DFT calculations with isotope labeling studies and the 

in-situ operando characterizations.  
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On the one hand, the physicochemical properties related to oxygen binding energy 

have been utilized as the descriptors to predict the activity of the electrocatalysts, includ-

ing d-band center,127 eg orbital occupancy,128 p-band center,129 charge transfer energy,130 line 

relationship between adsorption energy of *OH and *OOH intermediates (“*” represents 

active sites.),131 “generalized” coordination numbers,116 content of surface hydroxyl 

groups,67 etc. More accurate and suitable descriptors are required to reveal the reaction 

and dissolution mechanisms of various IBCs during OER process in acid media.  

On the other hand, in-situ techniques have been applied to study the electronic struc-

tures and coordination conditions of electrocatalysts in the OER, for example, XANES and 

EXAFS analytical techniques have been used to reveal the valence state of Ir and the bond 

length of Ir-M or Ir-O, respectively. Isotope-labelling analytical technique has been ap-

plied to reveal the reaction mechanism of acidic OER. More advanced in-situ characteri-

zation techniques, such as the in-situ ICP with a scanning flow cell (SFC) should be applied 

to investigate the surface reconstruction and reaction intermediates of catalysts during the 

OER.  

(2) Controllable and Feasible Synthesis of Low-Cost IBCs for Scalable Production  

IBCs are one of the most effective electrocatalysts for acidic OER. Until now, wet 

chemistry, sol-gel, laser pulsed, plasma, deposition, and pyrolysis synthesis methods have 

been applied to synthesize IBCs. Nevertheless, large-scale production is still challenging, 

which hinders the practical applications of PEMWEs. To increase the production of IBCs, 

it is necessary to exploit simple and practical synthesis techniques, such as the solid melt-

ing method due to its simple preparation procedure and scalability. 3D printing, UV irra-

diation, possessing facile preparation procedures and large area for placing reactants, 

should be intensively studied for synthesizing IBCs in industrial production.   

Ir is scarce on Earth, which is unfavorable for the future industrial applications. 

Therefore, developing low-cost high-performance IBCs is an emergency issue that should 

be solved. More affordable alternative metals should be introduced to boost the industry 

implementation. Modulation tactics including doping with non-precious metals and load-

ing on non-metal substrates should also be employed to lower the amount of the precious 

metal Ir used. Moreover, research on increasing the atom utilization efficiency of Ir, such 

as porous structures and nanocages, should be thoroughly studied to developing more 

efficient IBCs for acidic OER. 

(3) Highly Active and Stable IBCs for Acidic Oxygen Evolution Reaction 

Although a series of advanced engineering strategies have been applied to improving 

the activity and stability of IBCs for acidic oxygen evolution reaction, it is still far from 

large scale application. From the aspect of enhancing activity, alkali metal and transition 

metal have been adopted to alloy with Ir to improve the activity. However, the activity of 

transition metals, such as Fe, Co, Ni, may gradually reduce due to the corrosion of the 

transition metal ions in harsh acid environment, leading to poor stability. In this scenario, 

intercalation of other stable elements should be explored to both modify the electronic 

structures of IBCs and improve the stability in acidic solutions. As for the stability of IBCs, 

morphology engineering and support engineering have been proposed to optimize the 

durability of IBCs in acidic OER. Considering the practical harsh working conditions of 

PEMWEs, IBCs tend to dissolve in the form of Ir (Ⅲ) and Ir (Ⅳ) during the four-electron 

transfer OER process. Therefore, the durability of the electrocatalyst at high temperature 

and potential in acidic media should be considered before designation. Supported and 

novel crystal phase IBCs are considered as the promising stable OER electrocatalysts. 

Finding support substrates and crystal phase with high electrocatalytic stability and high 

electrical conductivity are effective approaches to design IBCs with excellent acidic OER 

performance.  
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