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Abstract 

Oxygen evolution reaction (OER) serves as the bottleneck of some crucial energy conversion and 

storage devices involving water electrolysis, CO2 electrolysis, and metal-air batteries, among 

others. The challenging sluggish reaction kinetics of the OER can be overcome via developing 

highly efficient electrocatalysts, which will experience a dynamic structural evolution process 

during the reaction. However, the reaction mechanism of the structural transformation of 

electrocatalysts during the OER and the structure-activity correlation in understanding the real 

active sites remain elusive. Fortunately, operando characterizations offer us a platform to study 

the structural evolution processes and the reaction mechanisms of OER electrocatalysts. In this 

review, we elaborate on some recent advances using several in situ/operando techniques with 

emphases on tracking the structural evolution processes of electrocatalysts, recording the 

reaction intermediates during electrocatalysis, and building a link between the structure and 

activity/stability of electrocatalysts. Moreover, theoretical considerations are also involved to 

assist operando characterization understandings. Finally, we provide some perspectives which 

are expected to be helpful to tackle the current challenges in operando monitoring and 

unraveling the reaction mechanisms of OER electrocatalysts. 

Keywords: operando reaction, oxygen evolution reaction, electrocatalysts, structural evolution, 

reaction mechanism.  
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1. Introduction 

The successful and efficient utilizations of the renewable electric energy via converting it into 

chemical energy stored in the forms of chemical fuels and high-energy-density batteries will 

fulfill the future highly renewable power system, which allows a greater penetration of 

renewable energy into the chemical industry.[1-3] Representative effective approaches involve 

water electrolysis to produce hydrogen, CO2 reduction to transform the greenhouse gas to value-

added chemicals, and metal-air batteries with high energy densities, among others. All of these 

promising next generation energy vectors for the future carbon-free society involve the crucial 

oxygen evolution reaction (OER) with sluggish reaction kinetics, which is facing great 

challenges at the lack of cost-effective, catalytically active and robust OER electrocatalysts.[4-7] 

Despite tremendous research efforts have been made on the design and fabrication of the OER 

electrocatalysts with fantastic structures and excellent performance, as well as some 

characterizations and understandings largely based on ex situ approaches, the reaction 

mechanisms of the OER process currently remain elusive due to the lack of operando studies.[8-10] 

More importantly, the structures and chemical properties of OER electrocatalysts often change 

during the anodic oxidation reaction, which makes the situation even worse and hence leads to 

complex and unsolved reaction mechanisms.[11-14] To tackle the aforementioned challenges, a 

range of recent research progresses have been made on demonstrating a number of operando 

techniques as powerful tools to unravel the nature of the structural evolution and the reaction 

mechanisms of OER electrocatalysts, which are beneficial for the rational designs of efficient 

electrocatalysts.[11,14-16] 

Recently, a number of reviews and research articles focusing on high-performance OER 

electrocatalysts in varied structures have been published,[6,17-20] but few summaries have been 
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made on operando characterizations of OER electrocatalysts especially from the perspectives of 

structural evolution of catalysts while integrating different techniques in one platform. In this 

review, we focus on monitoring and deciphering of the OER electrocatalysts using a variety of 

cutting-edge operando techniques with a focal point on the structural evolution process and the 

structure-performance correlation during the electrocatalysis. We start with a brief introduction 

of some fundamental understandings and operando characterization approaches for the OER. 

Then we expand the main text by elaborating on the structural evolution evidence and reaction 

mechanism studies of OER electrocatalysts obtained from a number of operando characterization 

methods involving operando microscopy characterizations, X-ray-based operando techniques, 

operando optical spectroscopies, and mass spectroscopies. Furthermore, the theoretical 

considerations for the simulation process have also been emphasized for elaborating more 

effective computational models. The summary of the current advances in operando 

characterization results and the provided perspectives in this review are expected to provide 

more comprehensive understandings of OER electrocatalysts on the structural evolution process 

during electrocatalysis and the reaction mechanisms especially for the structure-performance 

relationship, and hence to offer rational guidelines for the design and fabrication of more 

efficient OER electrocatalysts toward the large-scale commercialization in the near future. 

2. Fundamentals and operando techniques for OER 

A minimum theoretical potential of 1.23 V versus reversible hydrogen electrode (vs. RHE) is 

required for an ideal OER catalyst to drive the reaction from the thermodynamic viewpoint. The 

sluggish reaction kinetics of the OER originates from its four-electron transfer nature. Practical 

OER electrocatalysts usually show deviated bindings of the key intermediates (e.g., *OH, *O, 

and *OOH), are restricted by the scaling relationships, and need to overcome the involved 
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reaction barriers for each deprotonation step, leading to additional overpotentials to drive the 

reaction.[6,21-23] It is encouraging that significant advances on OER electrocatalysts have been 

made in the past few decades, pushing the electrochemical overpotential of the OER 

electrocatalysts approaching to a commercially available range, i.e., 200-400 mV, which are 

largely based on laboratory testing results.[5,13,24-26] Moreover, besides the state-of-the-art noble 

metal-based OER electrocatalysts (e.g. IrO2 and RuO2), cost-effective and catalytically-active 

non-noble metal-based OER electrocatalysts are emerging as alternatives with impressive 

catalytic performance.[6] However, it is well acknowledged in the community that either noble 

metal-based or non-noble metal-based OER electrocatalysts would experience inevitable but 

significant structural evolution processes during the harsh anodic oxidation reaction.[5,14,27] Over 

a long period of time in the past, the structural changes of OER electrocatalysts before and after 

reactions are largely probed by ex situ characterizations, which often fail to provide convincible 

results because of the almost non-existence of short-lived intermediates as well as the inevitable 

aging, contamination, and damage on the catalyst during the sample preparation and 

measurement processes. It has given birth to the time- and spatially-resolved operando 

characterization techniques, aiming at gaining real time information to understand how the 

catalytic reactions happen, which serves as the focal point of this review. 

The word of operando is borrowed from Latin, which means “operating” or “working” since 

the collected characterization information comes from an “operating” catalyst while the catalytic 

performance has been simultaneously recorded, whereas in situ means “on site”.[28] In other 

words, operando experiments can reflect the information of catalysts at the real working 

conditions in practical devices, while in situ measurements often need to design special 

devices/cells to mimic the real working conditions of the catalysts and to meet the requirements 
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of different characterization approaches. Very often, operando experiments are monitoring the 

evolutions of experiments by adding additional time-resolved components. Recently, a number 

of in situ/operando characterization methods including transmission electron microscopy (TEM), 

X-ray absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), X-ray 

diffraction (XRD), Raman spectroscopies, infrared (IR) spectroscopies, mass spectroscopies, on-

line inductively coupled plasma mass spectrometry (ICP-MS) and some other methodologies 

have been developed to study OER electrocatalysts under realistic reaction conditions (Figure 

1).[15,29-33] The operando-obtained information offers us valuable opportunities to get more 

precise, in-depth and comprehensive evidences and insights into the dynamic structural evolution 

process, the catalyst surface and intermediate interactions at the solid-liquid interface, and further 

the reaction mechanisms on the structure-performance correlations as well as the reaction 

pathways aided by theoretical calculations. However, each in situ/operando characterization 

approach shows its pros and cons. To name a few, in situ TEM characterization offers a direct 

observation to grab the catalyst’s structural change, but is suffering from challenges in the 

fabrication of the in situ cell and the electron beam damage;[34] operando XAS is sensitive to the 

local coordination structure and oxidation state of elements in the catalysts, but is a bulk 

sensitive technique and usually fails to specifically reflect the information of catalytic reactions 

occurring at the catalyst surface region;[30] operando XRD technique has been well-developed, 

but is often hard to detect the surface amorphous structure of the reconstructed OER 

electrocatalyst.[35] Considering the advantages and disadvantages of each operando technique, 

combining different operando characterization approaches together in one map will help 

construct a full picture of the reaction, which is one important current research frontier in the 

field. 
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It is thus necessary to give a summary of the in situ/operando characterizations of the OER 

electrocatalysts for the purpose to depict the panorama of the reaction mechanism studies and 

building integrated operando techniques for future works. In the following sections, we will 

highlight some recent advances in the structural evolution of OER electrocatalysts using a 

variety of quasi-operando and operando techniques. The current development status, capabilities, 

and limitations of each in situ/operando characterization methodology are elaborated in detailed 

examples. Theoretical considerations are also involved to try to simulate the real reaction 

operating conditions and to assist the understandings of operando experiments. Finally, some 

constructive perspectives and possible solutions are provided to tackle the current challenges. 

3. Microscopy characterizations 

The reconstruction phenomenon of catalysts during the electrocatalytic OER process is often 

directly reflected by morphology and phase structure changes, which can be observed by in situ 

or quasi-in situ microscopy techniques.[36-38] In situ microscopy characterizations, typically 

involving quasi-in situ identical location TEM[39] and in situ liquid cell TEM techniques, are 

developed for evaluating the solid-liquid electrochemical reactions such as OER and oxygen 

reduction reaction, among others. For example, to track the morphological evolution of the 

catalyst during the OER potential cycling, identical location TEM has been performed by Shen et 

al. on the Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) perovskite OER catalyst, demonstrating a well 

preserved overall shape of the BSCF particle.[40] Further close-up identical location high-angle 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) images captured 

during the OER potential cycling exhibit a rougher and more porous surface along with the OER 

potential cycling operation (Figure 2a). However, it is also possible that the structural evolution 

might come from the electron beam induced irradiation effect during the in situ experiment. As 
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for another emerging in situ microscopy technique, i.e., the in situ liquid cell TEM, the 

development of which requires thin but strong windows and is still in its infant stage.[41] This 

powerful technique can provide us the opportunity to closely observe the surface reconstruction 

and atom rearrangement at the solid-liquid interface, but is currently challenged by the technical 

design of the TEM holder and the significantly reduced resolution in the in situ liquid cell. 

In view of the above mentioned challenges and limitations of the in situ microscopy 

techniques to handle complex cases on the electrochemical three-phase solid-liquid-gas reactions, 

most of the reported microscopy characterizations of OER catalysts are based on ex situ or quasi-

in situ measurements, collecting structure information of catalysts at the pristine and different 

stages.[14] For example, the morphology and phase structure changes of the crystalline SrIrO3 

OER electrocatalyst, which are shown to undergo an interfacial transformation from crystalline 

to amorphous structures at the surface region of the catalysts during the OER potential cycling in 

the acidic electrolyte, have been reported by Suntivich and co-workers using quasi-in situ cross-

sectional TEM.[42] The overall thickness of the material does not change significantly while an 

amorphous layer quickly forms on the reaction interface after 0.25 h OER conditioning but 

almost stops evolving in the next few hours (Figure 2b). It is interesting to note that although the 

thickness of the amorphous layer does not evolve obviously from 0.25 to 4 h, however, the 

electrocatalytic OER performance keeps improving greatly. This indicates that the amorphous 

oxide layer further experiences an additional reconstruction process after the initial phase 

transformation, which might be related to an increasing disordered degree of the structure. This 

in situ activation process transforms the pristine crystalline SrIrO3 into a highly disordered Ir 

octahedral network, and the reaction mechanism of the disordering-activity correlation calls for 

further theoretical investigations. 
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Apart from traditional noble metal-based OER electrocatalysts using bulk nanoparticle or 

thin film materials, which exhibit outstanding OER activity in acidic water electrolyzes but are 

facing great challenges in large-scale commercialization due to the their high expense. Based on 

current situation, isolated Ir sites anchored in a non-noble metal Co3O4 host has been recently 

probed by Qiao and co-workers via the quasi-in situ high resolution (HR)STEM technique, 

demonstrating an effective strategy to reduce the noble metal content in the OER electrocatalyst 

while achieving excellent anti-acidic corrosion stability and outstanding OER activity.[36] 

HAADF-HRSTEM investigation for the fresh Ir-doped Co3O4 catalyst  manifests that  the 

isolated Ir centers are accommodated into the cationic sites of the Co3O4 host without the 

formation of Ir oxide nanoparticles (Figure 2c). Moreover, the statistical analysis on thousands of 

Ir atoms demonstrates the isolated Ir atoms in the catalyst are highly dispersed. To study the 

structural evolution of the catalyst after the OER operation, quasi-in situ HAADF-HRSTEM 

characterization and statistical analysis were also performed on the OER-conditioned catalyst, 

which demonstrates well-preserved short-range correlation of Ir sites. Atomic-resolution STEM 

image based on [011], [111], and [233] projections of the OER conditioned catalyst in the acidic 

electrolyte demonstrates well-dispersed individual Ir centers with a brighter contrast (Figure 2d). 

The strong interaction between Ir atoms and Co3O4 host enables the Ir-doped Co3O4 catalyst to 

exhibit outstanding corrosion resistance in harsh acidic solutions and applied electrochemical 

oxidative potentials, which is responsible for the significantly improved OER activity and 

stability in acidic electrolyte comparing with the parent Co3O4 catalyst. 

4. X-ray absorption spectroscopy 

XAS is inner-shell spectroscopy which collects information of interactions between the incoming 

X-rays and the core electrons within atoms. The XAS spectra can be divided into two regions. 
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The first part is the X-ray absorption near edge structure (XANES), which reflects element-

specific information of the electronic structure, the bonding geometry of the absorbing atom, and 

the density of unoccupied states. The second region is the extended X-ray absorption fine 

structure (EXAFS), which provides the information on local structures involving bond distances 

and coordination numbers around the absorbing atoms.[43] The XAS technique can reflect the 

ensemble structure information of the whole catalyst and is proven to be a powerful approach to 

study the electrochemical OER by designing thin-film or thin-walled electrocatalysts (< 10 nm), 

considering the fact that the structural evolution of electrocatalysts mainly happens on the 

surface/subsurface region. This powerful technique has gained tremendously increasing research 

efforts in probing the element-specific information on the electronic and geometric structures of 

materials in recent decades.[30,44-49] Thanks to the development of operando XAS measurements, 

which has been extensively utilized to investigate the dynamic structural evolution of the 

catalysts in terms of both coordination environments and oxidation states of active centers under 

real working conditions, excellent correlations between the structure and the electrocatalytic 

performance have been established.[30] Such useful information provides us precious 

opportunities to understand the role of catalytic materials during catalysis, identify the active 

centers and unravel the reaction mechanism. To get a more intuitive impression, a cartoon 

illustration showing a representative custom-designed operando XAS cell has been depicted in 

Figure 3a. In this section, we will highlight some recent advances in terms of applying operando 

XAS technique in monitoring the structural evolution of OER electrocatalysts with a focal point 

on the local coordination environment using EXAFS analysis and the oxidation state via XANES 

and soft XAS strategies. 

4.1 Coordination environment evolution 
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Basically, the coordination environment of the reactive centers involves two important 

parameters, i.e., the bond length and the coordination number, which can be provided by the 

time-resolved EXAFS analysis extracted from the operando XAS experiments. In EXAFS 

analyses, the key characteristics of the local structure of the materials can be captured by the 

radial distribution function, which contains rich information in terms of the number of nearest 

neighboring atoms, interatomic distances, and degree of structure disorder, all crucial to the 

reaction mechanism understandings.[30] Therefore, such important structure information is used 

to establish important correlations between the structure of catalytic centers and the activity of 

catalysts using quasi-operando and operando XAS experiments. Here we start from the quasi-

operando XAS characterizations to determine the coordination environment of catalytic reactive 

centers, which have been widely used to study the structural transformation phenomenon during 

the OER process. For example, Wu et al. have recently probed the structural evolution of the Ni–

Fe selenide as the pre-catalyst of the OER (Figure 3b).[10] The EXAFS fitting results show the 

disappearance of the Ni–Se bond and the emerging Ni–M and Ni–O bonds in the catalyst after 

the OER operation, which substantiates the successful conversion from the initial selenide to the 

post-formed oxyhydroxide structure. Interestingly, the post-formed Ni–Fe oxyhydroxide catalyst 

exhibits much higher OER activity than that of the Ni–Fe oxide counterpart. As demonstrated by 

the quasi-operando EXAFS analyses, the boosted OER performance is found to be originated 

from the manipulated local coordination structure distortion and disordering which are inherited 

from the selenide pre-catalyst. However, quasi-operando experiments fail to reflect the structure 

changes caused by the applied electrochemical potential, which is very crucial to study the 

reaction mechanism under the real working conditions and can be achieved by operando XAS 

experiments. 
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On that account, we then show some recent examples using operando XAS experiments to 

study the OER, starting from an important group of materials, i.e., metal-organic frameworks 

(MOFs) and derivatives as OER electrocatalysts.[8-9,11,13,50-52] By applying the operando XAS 

technique, Zhao et al. have probed the structural transformation of a NiCo-MOF-74 material 

during the OER process.[13] A close examination of the coordination environment of metal active 

centers is determined by Fourier transform (FT)-EXAFS analysis under operando conditions 

(Figure 3c,d). The NiCo-MOF-74 catalyst experiences a two-step dynamic structural evolution. 

At the resting stage with an applied electrochemical potential of 1.1 V (vs. RHE), the NiCo-

MOF-74 catalyst operando transforms into a structure similar to the standard β-Ni(OH)2 phase. 

Subsequently, the structure of catalyst further reconstructs to the γ-NiOOH analogue under the 

potential of 1.5 V (vs. RHE) at the catalytic stage, which acts as the catalytically active phase 

toward the OER. The detailed coordination environment involving the bond lengths and 

coordination numbers of metal centers is analyzed by EXAFS during the operando OER 

condition. As shown in Figure 3c, the nearest-neighbor Ni-M (M denotes Ni or Co) and Ni-O 

bond lengths are greatly shortened when the applied electrochemical potential is greater than 1.3 

V (vs. RHE), which agrees well with the bond length gap between hydroxide and oxyhydroxide 

analogues and further substantiates the structural evolution from metal hydroxide to metal 

oxyhydroxide. Moreover, the calculated coordination numbers of Ni-M and Ni-O shells in the 

catalysts at the catalytic stage demonstrate the operando generated oxygen vacancies in the 

catalytically active oxyhydroxide analogue considering the saturated six-coordination 

configuration. The authors believed that the operando generated γ-NiOOH analogue derived 

from the MOF pre-catalyst via denser packing of edge-sharing [MOx] polyhedral with decreased 
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interatomic distance and unsaturated coordination environment is responsible for the outstanding 

OER activity. 

Using operando XAS studies, Zhang and co-authors have investigated the structural 

evolution process of the NiFe Prussian blue analogue (PBA), which is an important group of 

MOF structures and is proven to be efficient OER electrocatalysts (Figure 3e).[53] The authors 

firstly conclude that the pristine PBA catalyst operando transforms into the Ni(OH)2 structure as 

the active species for the OER. Thereafter they identify that the operando generated Ni(OH)2 

analogue allows the deprotonation process under the applied potential to form NiOOH species 

which contains high-valence Ni4+ species acting as the OER active site. Operando EXAFS fitting 

results demonstrate the Ni-O bond length shrinkage under the increasing applied electrochemical 

potentials, which substantiates the local structure of the catalysts transforms from the pristine 

PBA to Ni(OH)2, and ultimately evolves to NiOOH, serving as the active site for the OER at the 

catalytic region. However, the coordination number of the first Ni-O shell almost remains as a 

constant throughout the whole OER potential cycling process, demonstrating the structural 

robustness of the octahedral Ni sites. In this example, by correlating with the electrocatalytic 

performance, the coordination environment evolution of active centers and the phase structural 

transformation obtained from operando XAS measurements during electrocatalysis provide 

valuable information in understanding of the OER reaction mechanism. 

Besides MOFs structures and derivatives, operando XAS experiments have also been 

applied on 3d-transition metal-based (e.g., Ni, Fe, Co, etc.) hydroxides, oxides, and 

oxyhydroxides, which are well acknowledged as one group of the most promising OER 

electrocatalysts.[54-56] The reaction mechanism of the OER largely remains elusive due to the 

detection limitation of the current characterization approaches, the complex multi-phase interface 
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reaction, and the dynamic structural evolution under operando conditions. The electrochemical 

activation process of oxides/hydroxides materials is a reflection of the structural evolution, 

which needs to be unraveled by operando experiments. Applying operando XAS approach on 

some model catalysts, the mystery in the black box is gradually unraveling. For instance, Kuai et 

al. have recently demonstrated the phase segregation reversibility in a NiFe hydroxide OER 

catalyst (Figure 3f, g).[57] EXAFS spectra and wavelet transformation (WT) analysis derived 

from operando XAS measurements reveal that the NiFe hydroxide is transformed into the 

FeOOH structure under the applied electrochemical potential at the OER operating region. After 

exposing the conditioned sample to the moist air for two days, the structure of catalyst are 

largely recovered to the initial state while the catalytic activity toward the OER also recovers, 

demonstrating a novel strategy to enhance the catalyst stability. In this example, the FT analyses 

separate backscattering atoms by their radial distance from the absorbing atom, which provide 

the structure information of the absorbing atom. However, the wavelet transform (WT) provides 

data not only at the radial distance resolution, but also resolves the data in k space, which eases 

the discrimination of atoms by their elemental nature, especially if these atoms are at the same 

distance. 

The surface reconstruction of the Fe-substituted CoAl2O4 (CoFexAl2-xO4) spinel structure 

has been studied by Wu et al. via performing operando X-ray absorption fine structure (XAFS) 

measurements.[14] The electrochemical results manifest that the Fe substitution successfully 

facilitates the formation of Co oxyhydroxide, which is further substantiated by operando XAFS 

studies. The operando Co K-edge FT EXAFS spectra at regions of peak II and peak III 

demonstrate clear intensity increases after applying an electrochemical potential of 1.5 V (vs. 

RHE), which strongly indicates the emergence and accumulation of Co atoms occupying the 
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edge-sharing octahedral sites due to the formation of Co oxyhydroxide (Figure 3h). Moreover, 

Fe substitution in CoAl2O4 enables a much higher ratio of peak II to peak III in CoFexAl2-xO4 

compared with that of CoAl2O4, which further reveals a more thorough surface transformation to 

oxyhydroxide in the presence of neighboring Fe species (Figure 3i). In another example, Friebel 

et al. have applied operando XAS experiments to study the active site in Ni-Fe-OOH OER 

electrocatalysts with varied metal ratios.[58] The determined Ni−O bond lengths can be assigned 

to α-Ni(OH)2 and γ-NiOOH, respectively, at the resting and catalytic stages, regardless of the 

presence and concentration of Fe in the catalysts. Interestingly, at the OER catalytic stage, the 

average Fe−O bond length gradually stretches with the increasing Fe content toward that of the 

pure γ-FeOOH (Figure 3j). Such stretched bond distances are commonly associated with a 

decreased oxidation state. In consideration of the operando experimental results, further density 

functional theory (DFT) calculations reveal that the Fe sites serve as the OER active site rather 

than the Ni sites. However, there are still many aggressive debates on identifying the active site 

of bimetallic/multimetallic OER electrocatalysts, calling for more in-depth and comprehensive 

studies. 

4.2 Oxidation state evolution 

Besides the coordination environment of the reactive centers in the catalysts can be determined 

by the EXAFS analyses, the identification of the oxidation state of active species in 

bimetallic/multimetallic catalysts is also very important to understand the OER reaction 

mechanism, which is under long-time debate in the current literature.[7,13,59-61] The oxidation 

states of elements are very sensitive to the position of the absorption edge, which is defined as 

the onset of transitions to delocalized continuum states and can change by a few eVs when the 

valence state of atoms change by one electron, at the XANES region.[30] A linear dependence 
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relationship between the edge energy position of XANES and the oxidation state of the element 

has been proposed and demonstrated as an effective method to determine the oxidation states of 

specific elements in the catalysts.[62] Therefore, the XANES technique, which can reflect 

abundant useful information about the atomic and electronic structure of the material, has been 

widely applied to determine the oxidation state of atoms. Recently, tremendous efforts have been 

afforded on using quasi-operando and operando XANES technique for application in OER 

electrocatalysts to capture the oxidation state evolution of the active species. For example, Wu et 

al. recently have combined quasi-operando XANES analyses and theoretical calculations to 

demonstrate the OER active Ni site in a bimetallic Ni–Fe system.[10] The results show that the 

electronic structure of the OER active Ni site has been modulated by the surrounding Fe species 

due to the catalytic synergy, leading to the formation of low-valence state Ni centers with 

moderate bindings to some key OER intermediates (Figure 4a,b). In contrast, the binding 

strength of the key OER intermediates on Fe sites is too strong to activate the reaction. It is 

worth noting that the oxidation state of the active species in OER electrocatalysts is closely 

related to the applied electrochemical potential on the electrocatalysts under real working 

conditions, calling for operando XAS characterizations.[13] 

The oxidation state evolution of the active centers, which is electrochemical potential-

dependent and is critical to understand the intrinsic catalytic mechanism of the electrocatalytic 

oxygen evolution and can be well monitored by operando XANES and soft XAS techniques, 

often happens simultaneously with its coordination environment changes. By applying operando 

XANES studies, Su et al. have investigated the electronic structural evolution of a NiFe-PBA 

OER pre-catalyst as a function of the applied potential.[53] The increasing applied potential 

induces a gradually positive shift of the energy position of the absorption edge, indicating that 
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the oxidation state of Ni species shifts to a higher valence state and the operando generated 

Ni(OH)2 acts as the actual OER catalytic phase (Figure 4c). The great oxidation state change in 

the operando generated amorphous Ni(OH)2 is in sharp contrast with a much smaller valance 

state change in the crystalline Ni(OH)2. Importantly, control experiments confirm this potential-

dependent process is reversible. This example substantiates the important role of operando 

XANES as a powerful tool to study OER electrocatalysts. 

In another example involving a bimetallic NiCo-MOF structure as the OER electrocatalyst, 

Tang and co-workers have applied operando XANES to probe the correlation between the 

valence states of metallic centers and the electrocatalytic performance of the catalyst.[13] The Ni 

K-edge XANES spectra gradually shift to higher energy, indicating that the oxidation state of Ni 

species increases with the arising potential. Changes of the valence states of both Ni and Co 

species as well as the synchronous electrocatalytic performance as a function of the applied 

potential are analyzed, demonstrating a higher and reversible valence state variation loop of Ni 

upon the potential cycling comparing with that of Co (Figure 4d). Moreover, a high oxidation 

state of 3.8 is observed on Ni species at an applied potential of 1.5 V (vs. RHE) on the NiCo-

MOF catalyst. Interestingly, such high Ni valence has not been captured on the Ni-MOF 

counterpart (Figure 4e). The results demonstrate the crucial role of Co by successfully regulating 

the oxidation state of the adjacent Ni species toward the OER active phase. The catalytic synergy 

introduced by Co facilitates the structural transformation to high-valence Ni oxyhydroxide in the 

bimetallic NiCo-MOF structure, and together with the optimized local coordination structure, 

therefore leading to the boosted OER activity. 

To understand the enhanced OER activity in the CoAl2O4 spinel OER catalyst by Fe 

substitution and the dynamic oxidation state evolution of Co species, operando XANES analyses 
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have been performed by Xu and co-workers.[14] The Co K-edge XANES of CoFe0.25Al1.75O4 and 

CoAl2O4 spinel oxides under different electrochemical potentials are recorded under operando 

conditions (Figure 4f), both demonstrating Co K-edges shift to higher energy and hence 

indicating the oxidation of Co species. The dynamic Co valence state evolution as a function of 

the applied potential has been analyzed (Figure 4g). Co(II) in CoFexAl2-xO4 tends to be oxidized 

to Co(III) or an even higher oxidation state under the applied electrochemical potential during 

the potential cycling which is observed in the first cyclic voltammetry cycle, demonstrating an 

irreversible surface reconstruction from spinel oxide to oxyhydroxide. The oxidation state 

increase of Co can be regarded as a reflection of the deprotonation process on the reconstructed 

catalyst surface. The authors believe that Fe substitution in CoAl2O4 is responsible for 

facilitating the deprotonation process at the low potential region to form OER active phase by 

surface reconstruction, and then leads to a much higher oxidation state of Co at the pre-OER 

region, which accounts for the boosted OER activity. This example further elaborates the 

catalytic synergy in bimetallic OER catalysts, demonstrating that high-valence state reactive 

centers have been observed with the assistance of neighboring auxiliary metal elements under 

OER working potential regions. In recent years, to investigate the complex OER process 

involving multi-active species, single atom catalysts (SACs) with well dispersed and clear 

structures are emerging as model catalysts. For example, some recent works on SACs have 

combined the operando XAS technique and DFT calculations and claimed that the active site of 

OER was either IrOx or non-noble metal-based dual metallic site.[63-66] By applying operando 

XAS experiments, evidences were given on the valence state and coordination environment 

changes of elements in the catalysts during the reaction. However, poor connections were often 

presented in terms of the structure-activity correlations. The comprehensive understandings of 
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the role of each element in the catalysts, the multi-electron transfer process, and the dynamic 

structure evolution process during the reaction, as well as the identification of the real active sites 

and the reaction mechanisms, are calling for close combinations of operando XAS with other 

operando techniques as well as theoretical calculations. 

The deep penetration of hard X-rays in XAS measurements provides a sufficient flexibility 

in terms of the sample conditions and environments, thus fully realizing the operando studies in 

electrocatalysis.[30] Beyond that, spectroscopic studies using the soft XAS technique (with X-ray 

energy range below 5 keV), as a surface sensitive technique due to its limited probe depth, can 

reflect more detailed electronic structure information at the surface region of the electrocatalysts. 

Moreover, L-edges (or even M-edges) of transition metals accessed by soft XAS are more 

sensitive to the oxidation state of the sample than K-edges.[67] For example, Sargent and co-

workers have employed an operando electrochemical flow cell for operando soft XAS 

characterizations on a NiCoFeP OER electrocatalyst.[68] The operando soft XAS results 

demonstrate a Ni oxidation state evolution from Ni2+ to Ni3+ and Ni4+ upon the applied 

electrochemical potential on the catalyst, and more importantly a successful direct view 

confirmation of the operando generated Ni4+ species during the water oxidation (Figure 4h). 

Control experiments indicate that the incorporation of Fe, Co and P beneficially optimizes the 

electronic structure of Ni oxides and hence facilitates the formation of Ni4+ species which is 

favorable for the OER. In another study on a FeCoW OER catalyst, Zhang et al. have performed 

ex situ soft XAS experiments in the total electron yield (TEY) mode to probe the oxidation state 

evolution of metal elements during the OER.[69] The results show that the surface Fe2+ has been 

fully oxidized to Fe3+ at an applied potential of 1.4 V (vs. RHE) on both gelled and annealed 

FeCoW catalysts. However, the valence states of Co in two samples are quite different at 1.4 V 
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(vs. RHE), and both reveal a remarkable percent of Co2+ species on the catalyst surface, which 

are found to be much less reactive by DFT calculations. An important advantage of soft X-ray 

technique is its high resolution in energy (< 0.1 eV) because of the long life of the core states, 

which results in the spectra sensitive to details of the electronic structure properties, such as the 

valence, spin state and the symmetry. However, soft XAS technique is still facing critical 

challenges in terms of the low-energy X-ray attenuation by air and its limited probe depth, which 

hence complicates the design of the operando cell and constrains the measurements in operando 

electrochemical reactions, because the operando cell is required to be integrated into the 

beamline setup while separating the samples from vacuum via X-ray transparent thin windows.[30] 

5. Other X-ray-related techniques 

Besides the powerful operando XAS techniques in determining the coordination environment 

and the oxidation state of key elements in OER catalysts during the reaction operation, other 

commonly used in situ/operando X-ray-related techniques typically involving XPS and XRD are 

able to provide the electronic and crystal structure information, respectively, which are helpful to 

combine with other characterization approaches to unravel the complex OER reaction 

mechanism. 

5.1 X-ray photoelectron spectroscopy  

XPS is a surface-sensitive quantitative technique, which can provide fingerprint element-specific 

chemical and electronic state structure information of samples. However, the application of in 

situ XPS in electrocatalysis is challenged by the requirement of the ultra-high vacuum condition 

at the electrode-electrolyte interface.[70] Nevertheless, quasi-in situ XPS studies are able to probe 

some preliminary surface structural evolution information before and after the electrochemical 
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tests.[10] For example, Mayrhofer and co-workers have successfully probed the surface 

reconstruction process of Ir-based electrocatalyst after OER operations for certain periods of 

time using quasi-in situ XPS technique.[71] The average electronic structure information detected 

by quasi-in situ XPS in regions of Ir 4f and O 1s and valence-band spectra demonstrates a 

gradual surface structural transformation from metallic Ir to IrO2 during the first 120 h operation 

(Figure 5a). Challenges of the quasi-in situ XPS involve the inevitable exposure of samples to 

air and the disconnection to the applied electrochemical potential, where the oxidation state of 

the catalyst surface would be changed. Therefore, it fails to capture the real catalyst surface 

structure which is in close correlation with the catalytic performance. This has greatly stimulated 

the recent development of the cutting-edge in situ ambient pressure XPS (APXPS), which 

requires a thin liquid layer of less than 20 nm (Figure 5b).[72] 

In a recent study, Favaro et al. have applied in situ APXPS technique on a quinary (Ni-Fe-

Co-Ce)Ox OER electrocatalyst and observed the catalyst surface chemical structural evolution 

clearly under the applied electrochemical potential (Figure 5c).[73] The XPS spectrum at Ni 2p 

region for the pristine catalyst exhibits a typical rock-salt NiO structure with Ni (II) species. 

Under the open circuit potential (OCP), the Ni(II)O structure undergoes a partial conversion to 

Ni(II)(OH)2. The further partial oxidative conversion from Ni (II) to Ni(III) as a reflection of the 

formation of Ni(III)OOH phase, which is commonly believed as the OER active phase, under the 

OER catalytic stage has also been observed by APXPS. Similarly, Co shows a progressive 

change from the structure of the mixed oxides in the pristine catalyst to a Co(II)(OH)2 dominated 

structure under the OCP. When further applied at the OER catalytic region, the Co 2p3/2 

experiences a downward binding energy shift, which reflects the further partial oxidation from 

Co(II)(OH)2 to Co(II,III)Ox(OH)y species. The above in situ APXPS results confirm the structural 
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evolution from Ni/Co oxide or Ni/Co(OH)2 to an OER active phase of Ni/Co oxyhydroxides at 

the OER operating conditions. The authors further take the advantage of the in situ APXPS 

technique to unravel the nature of chemical structural transformation from the initial Co(OH)2 or 

Co3O4 phases to Co oxyhydroxide under the applied anodic potential (Figure 5d).[74] 

Interestingly, the biphasic Co(OH)2/Co3O4 material undergoes a partial surface phase 

transformation from Co(OH)2 to CoO(OH) at the OCP and further experiences a complete 

structure oxidative evolution to CoO(OH) at the Co3+ → Co4+ transition region, which is prior to 

the OER catalytic region. The in situ generated CoO(OH) phase accounts for the high OER 

activity of the catalyst. This study demonstrates the presence of top surface Co(OH)2 on the 

Co3O4 facilitates the structural transformation to the OER active phase CoO(OH), which is also 

tested to be stable in the OER durability test. It is noted that a close combination of in situ XPS 

and operando XAS techniques is encouraged to obtain more comprehensive structural evolution 

information involving both electronic structure and coordination shell environment changes of 

the active sites during the OER catalysis. 

5.2 X-ray diffraction 

Another important operando technique involves operando XRD, which can track the structural 

evolution of catalyst in terms of the phase structure type, the degree of crystallinity, and the 

crystallite particle size.[75] Comparing with other characterization methods such as XAFS 

analyses by detecting the valence state and the coordination atmosphere of active species, the 

crystal structure of OER electrocatalysts as determined by XRD is relatively less potential 

dependence. The structural evolution process of the NiFe-based selenide as the OER pre-catalyst 

has been recently probed by Wu et al. using the quasi-operando XRD approach, demonstrating a 

clear crystal structure change after the OER operation, which is a reflection of the structural 
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transformation from selenide to oxyhydroxide structure (Figure 5e).[10] Operando XRD is 

challenging in probing OER electrocatalysts but is very useful. For instance, Yan et al. have 

performed operando XRD analyses on Ni(OH)2 and NiCeOxHy materials both supported on the 

nickel foam to exclude the masking effect from the graphitic substrate.[76] After a short soaking 

in the alkaline electrolyte, both pristine Ni(OH)2 and NiCeOxHy catalysts exhibit remarkably 

increased crystallinities (Figure 5f). At the operando condition under the applied potential at the 

catalytic region, the Ni(OH)2 catalyst transforms to a mixed-phase structure of β-Ni(OH)2 and γ-

NiOOH, which is dominated by the latter. In contrast, the NiCeOxHy catalyst only shows a single 

γ-NiOOH phase under the applied potential. The authors believe that the incorporation of Ce in 

Ni hydroxide modulates the electronic structure of Ni species and facilitates the structural 

evolution to γ-NiOOH, which are both responsible for the boosted OER kinetics. 

In another example, operando grazing-incidence XRD has been performed on the spinel 

oxide OER catalysts in a recent work reported by Chen and co-workers.[77] Two-dimensional 

contour maps of Bragg reflections and the OER current density as a function of the applied 

potential demonstrate the structural evolution of CoFe2O4 and NiFe2O4 spinel oxides during the 

OER (Figure 5g). At the OER catalytic region (> 1.6 V vs. RHE), a new peak emerges at a q 

value of ~ 1.4 Å−1, representing the formation of metal oxyhydroxide. Further analyses 

demonstrate this emerging peak can be assigned as β-MOOH phase acting as the OER active 

phase instead of the γ-MOOH analogue. Comparing with tremendous works reported on 

operando XAS characterizations, the traditional operando XRD might not be a suitable and 

powerful tool to collect informative signals on OER electrocatalysts, especially for samples with 

amorphous structure or low crystallinity at the surface or near surface regions close to the 

electrode-electrolyte interface. This puzzle can be solved by applying high-energy XRD (HE-
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XRD, > 100 keV) with deep penetrations to the materials, which would enable the successful 

capture of the structure information of materials regardless of the amorphous or crystalline 

nature. Assisted by pair distribution function (PDF) analyses and reverse Monte Carlo 

simulations, operando HE-XRD technique can capture the structural evolution process of 

catalysts at the atomic level by analyzing the interatomic fine structures of catalysts at the 

second-level time resolution.[78-79] In addition, the structural transformation of OER catalysts 

often happens at the surface/subsurface regions with limited thickness, which cannot be 

selectively reflected by XRD, HE-XRD, and even for XAS as bulk information sensitive 

approaches. Design and fabricating materials with two-dimensional ultrathin layers/films or in 

hollow structure with ultrathin walls are more suitable for operando XRD, HE-XRD, and XAS 

characterizations. In this way, most active centers in the catalysts can be exposed to the 

electrode-electrolyte interface to participate in the catalytic reaction. 

The above mentioned in situ/operando X-ray-related techniques are demonstrated to be 

powerful tools to study the coordination and electronic structures of OER electrocatalysts under 

working conditions. However, extra attentions should be paid on some X-ray sensitive materials, 

such as MOFs as OER electrocatalysts. This is especially important when using high-intensity 

light sources, such as laser light and synchrotron radiation, which can cause damage to the target 

samples. Control experiments should be carefully performed to rule out the influence from the 

X-ray damage on the catalysts, aiming at obtaining more solid structure information of catalyst 

induced by the catalytic process. Moreover, using quick scanning techniques can reduce the 

doses received by the samples, which hence alleviate the X-ray damage. 

6 Other characterizations 
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The structural evolution of catalysts during the OER operation can be monitored using a variety 

of other operando characterization methods.[15,80] For example, optical Raman and IR 

spectroscopy are fingerprint tools to identify the vibration modes of key intermediates during the 

reaction; on-line ICP-MS technique can analyze the metal dissolution results which are 

associated with the durability of catalysts; atom probe tomography (APT) can map out the 3D 

chemical species distribution changes during the structural evolution process of the OER; 

electrochemical impedance spectroscopy (EIS) can investigate the charge transfer resistance 

evolution of catalysts during the reaction; and so on. In this section, we will elaborate on these 

commonly used typical in situ/operando approaches with examples on studying OER 

electrocatalysts. 

6.1 Raman spectroscopy 

Raman spectroscopy is a versatile characterization method widely used in studying the 

electrochemical reactions at the solid-liquid interface thanks to the weak Raman scattering of 

water comparing with that of the IR spectroscopy.[81] Moreover, Raman spectroscopy can detect 

signals in the low-wavenumber region, which are often associated with metal-related bonds for 

identifying the catalytic active sites and the key intermediate species, but are inaccessible in the 

IR spectroscopy.[82] The weak Raman scattering signal can be enhanced by the surface enhanced 

Raman scattering (SERS), tip-enhanced Raman spectroscopy, and shell-isolated nanoparticle-

enhanced Raman spectroscopy (SHINERS), etc.[82-84] In recent decades, the rapid development 

of in situ Raman technique realizes its wide applications in the fields of catalysis.[85] In OER, in 

situ Raman spectroscopy has been widely used to determine the surface structural evolution 

which is highly potential-dependent (Figure 6a).[86] For example, Chen and co-workers have 

probed the gradual phase transformation from NiCeOxHy to γ-NiOOH via performing the in situ 
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Raman spectroscopy, as indicated by the emerging Raman peaks at 474 and 554 cm−1.[76] The 

results show that the incorporation of Ce in the catalyst reduces the barrier and hence facilitates 

the phase transformation process at a low potential of 1.27 V (vs. RHE), which is much lower 

than that of Ni(OH)2 as the starting precursor (Figure 6b). Consequently, the NiCeOxHy catalyst 

shows a much better OER activity than that of Ni(OH)2. Similar conclusion has been drawn in a 

bimetallic NiFe spinel oxide OER catalyst, where the photothermal heating method facilitates the 

phase transformation process from oxide to γ-NiOOH at a lower potential than the catalyst 

prepared by the conventional approach (Figure 6c).[87] Interestingly, a lower potential for the 

phase transformation to OER active phase γ-NiOOH often can be linked to a superior OER 

activity. The emerging Raman characteristic peaks at 474 and 554 cm−1 can be assigned to the γ-

NiOOH analogue. However, in situ Raman studies often fail to identify the formation of FeOOH 

species due to the overlapping of the characteristic peaks of FeOOH with other Raman peaks and 

the relatively lower distribution of FeOOH species on the catalyst surface region.[87] 

In a recent study using Ni-based pnictide/sulfide (NiNPS) as the OER pre-catalyst, Huang et 

al. have applied in situ Raman spectroscopy to track the structural evolution process during the 

OER.[88] The combination of the time-dependent potential plot at a low current and in situ Raman 

investigations successfully demonstrates a two-step structural evolution from the pristine NiNPS 

structure to the α-Ni(OH)2/NiO phase and then to the γ-NiOOH species before the OER catalytic 

region (Figure 6d). The phase transformation from NiNPS to α-Ni(OH)2 is irreversible, however, 

the structural evolution between Ni(OH)2 and γ-NiOOH is reversible depending on the applied 

anodic potential on the catalyst. The OER reaction mechanism in terms of the active site in 

highly active NiFe (oxy)hydroxide is a long-time debate in the field.[59-60,89] On account of this, 

Lee et al. have combined 18O-labeling experiments and in situ Raman spectroscopy to study the 
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role of lattice oxygen in a set of Ni-based layered double hydroxides (LDHs).[61] The results 

demonstrate that the lattice oxygen participates in the reaction for Ni and NiCo LDHs, but is not 

involved in the catalysts of NiFe and NiCoFe LDHs (Figure 6e). The bulk Ni sites in the form of 

NiOO− in Ni and NiCo oxides are determined as the OER active phase. The incorporation of Fe 

in Ni-based LDHs changes the nature of the OER active site and also remarkably enhances the 

activity. These elaborated examples using traditional in situ Raman spectroscopy demonstrate it 

is a powerful tool to track the phase structural transformation of the catalysts, but it often fails to 

determine the corresponding reaction intermediates due to the corresponding weak Raman 

signals. We suggest and anticipate the further developments and applications of novel SERS 

techniques, e.g., in situ electrochemical SHINERS,[90] coupled with other in situ/operando 

methods and DFT calculations to study the reaction mechanisms of the OER. 

6.2 IR spectroscopy 

IR spectroscopy can provide fingerprint identifications of the polarized radical group for the key 

oxygen-related intermediates involved in the OER and concentrated within the window of 800-

1600 cm−1, which is highly vulnerable to water absorption.[33] A couple of strategies, for example, 

synchrotron radiation (SR) light source which provides a higher IR light intensity and surface-

enhanced infrared absorption (SEIRA) have been utilized to enhance the surface vibration 

signals.[33,91] Challenges involving short lifetime and limited quantities of the electrochemical 

reaction intermediates at the catalyst surface are urgently calling for in situ/operando IR 

techniques. Liu’s research group has recently developed the operando SR-IR methodology in 

studying the OER reaction mechanism (Figure 7a). The absorption of IR signals in water has 

been effectively reduced using the capillary permeation of the porous working electrode with 

controlled thickness. Using operando SR-Fourier transform infrared spectroscopy (SR-FTIR) 
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technique, they studied the OER reaction mechanism of a metal-free amino-rich carbon material 

as an efficient OER electrocatalyst.[92] The results show that a new vibrational absorption band at 

1546 cm−1 emerges, which can be assigned to the vibration stretching mode of *O−C species, 

when an electrochemical potential of 1.35 V (vs. RHE) is applied (Figure 7b). Further operando 

control experiments reveal that this new IR peak is highly potential-dependent, demonstrating 

H2N−C=C group in the catalyst serves as the active site for the OER and its structural evolution 

to H2N−(*O−C)=C by adsorbed *O intermediates during the OER (Figure 7c). Another 

fascinating example using operando SR-FTIR reported by Cheng et al. involves a lattice-strained 

NiFe-MOF as the OER electrocatalyst.[11] At the OER catalytic region when an electrochemical 

potential of 1.6 V (vs. RHE) is applied on the catalyst, a new absorption band at 1048 cm−1 in the 

SR-FTIR spectra is observed, which can be assigned to the surface intermediates of *OOH 

involved in the OER (Figure 7d). It is interesting to note that no similar signals have been 

detected on the pristine MOF counterpart without the lattice strain effects. Combining operando 

SR-FTIR and operando XAS analyses, a close relationship between the Ni4+/Ni2+ ratio and the IR 

signal intensity at ~ 1050 cm−1 has been found, demonstrating the crucial catalytic role of high-

valance Ni4+ in the lattice-strained MOF during the OER process (Figure 7e). This conclusion is 

further supported by another work reported by Yan and co-workers revealing the formation of 

key *OOH intermediates at the OER catalytic region using operando SR-FTIR characterization, 

which shows an emerging IR peak at 1030 cm−1 when the applied potential is greater than 1.4 V 

(vs. RHE) during the OER (Figure 7f).[93] 

Experimental evidence interpreting the OER reaction mechanism also comes from in situ 

SEIRA studies. In a recent work, Shao-Horn and co-workers have probed the formation of –OO 

group on a polycrystalline RuO2 catalyst using this method.[16] The in situ SEIRA measurements 
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demonstrate that a new peak at ~899 cm−1 emerges when the applied potential reaches 1.5 V (vs. 

RHE) or even higher, which can be successfully linked to the formation of proton-stabilized –

OO species on the coordinatively-unsaturated Ru site that is stabilized by an adjacent –OH group 

on the neighboring sites (Figure 7g). DFT studies indicate that the removal of –OO, which is 

anchored by a hydrogen bond to an adjacent –OH group, from the RuO2 (100) facet acts as the 

rate-determining step for the OER. 

6.3 On-line ICP-MS 

The durability of OER electrocatalysts is significant towards the large-scale commercialization 

of sustainable energy-related devices. However, most of the OER electrocatalysts, no matter for 

noble metal-based materials working in the acidic electrolyte or non-noble metal-based catalysts 

performing in the alkaline solution, suffer greatly from metal dissolution due to the harsh 

operating conditions and hence lead to poor corrosion durability. Now, fortunately, on-line ICP-

MS coupled with an electrochemical scanning flow cell (SFC) can serve as a powerful tool to 

enable the detection of the dissolved elements down to the ppt (part per trillion, 10−12) level to 

study the performance decay mechanism of OER electrocatalysts. In-situ generated liquid 

samples from the electrochemical SFC are directly introduced to the on-line ICP-MS instrument. 

The dissolved metal ions are analyzed simultaneously with the electrochemical reaction 

happening by compensating a short lag time (Figure 8a).[94] As an example, Geiger et al. have 

applied the SFC-ICP-MS technique to study the degradation mechanism of an Ir-black catalyst 

by tracking the Ir dissolution in parallel with the electrochemical test.[95] A steady dissolution 

rate is detected during the first 2200-s chronopotentiometric operation. Meanwhile, the anodic 

potential gradually increases to maintain a constant current density. After 2200 s, the potential 

shows a sharp increase whereas the dissolution signal goes down to the baseline level (Figure 8b). 
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The total amount of dissolved Ir can be converted into about 1.3% of the overall Ir species 

printed on the working electrode, which rules out the possibility of catalyst detachment for this 

sharp potential increase. A reasonable explanation could be the increasing contact resistance at 

the catalyst film/backing interface. Importantly, one should pay attention to the pitfall that a 

steady electrochemical chronopotentiometric or chronoamperometric curve recorded during the 

stability test of the OER electrocatalysts cannot solely act as a meaningful estimation criterion 

for the stability of the OER electrocatalysts. On-line ICP-MS measurements indicate that the 

active metal species keeps leaching during the chronopotentiometry test while showing a steady 

electrochemical performance output.[96] The dissolved metal ions would plague the membrane in 

the water electrolyzer and hence result in the overall performance decay. 

6.4 Atom probe tomography  

Besides the ability to measure the dissolved metal ions using on-line ICP-MS during the reaction, 

the microanalytical mass-spectroscopy technique of APT provides us an opportunity to map out 

the 3D distribution of chemical species with sub-nanometer spatial resolution, which is a 

powerful tool to track the structural evolution of OER electrocatalysts during the reaction.[97] For 

example, Mayrhofer and co-workers have probed the gradual structural transformation process 

from the pristine as-deposited Ir film to surface Ir oxide layers during the anodic oxidation 

reaction (Figure 8c).[71] The electrochemical oxide film prefers to grow at the grain boundaries, 

forming oxide islands with uneven distributions. The in situ gradually generated Ir oxide species 

with different oxidation state degrees as a function of the anodic oxidation operation time is 

found to be associated with a decreased activity but an improvement in stability toward the OER. 

This near-atomic resolution tomography technique helps advance the understanding of complex 
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OER reaction mechanism between surface structure, oxidation state and function in 

electrocatalysis. 

6.5 Electrochemical impedance spectroscopy 

EIS is a useful approach to probe the electrocatalytic reaction kinetics and the 

electrode/electrolyte interface properties. In a recent study, in situ EIS measurements have been 

performed by Wang and co-workers at different potentials in probing the OER reaction kinetics 

of pure Co3O4 and Co3O4 with oxygen vacancies (VO-Co3O4).
[27] The adsorption behavior of the 

intermediate *OH on the catalyst surface can be described by the *OH adsorption resistance (RCT) 

and the pseudocapacitance. The results show that both pure Co3O4 and VO-Co3O4 exhibit similar 

electrolyte resistivity values, whereas the total charge transfer resistance (Rtotal) is dominated the 

RCT values reflecting the ability to adsorb *OH species during the OER. A lower Rtotal value is 

observed on the VO-Co3O4 catalyst compared with the pure Co3O4, demonstrating the stronger 

ability to adsorb *OH, the reduced charge transfer resistance, and hence the facilitated OER 

reaction kinetics due to the presence of oxygen vacancy (Figure 8d-f). In another work, Chen et 

al. have applied in situ EIS to study the role of octahedral Co3+ site in an efficient CoFeWOx 

OER electrocatalyst.[98] The two-dimensional (2D) contour Bode plots of different catalysts 

demonstrate a single-phase angle peak locus at 20 × 103 Hz for the CoFeWOx catalyst but the co-

existence of octahedral and tetrahedron Co sites for CoFeOx and CoOx, which agree well with 

the EXAFS analyses results (Figure 8g). The in situ EIS results coupled with other 

characterizations demonstrate that the octahedral Co3+ site serves as the primary OER active site 

for the CoFeWOx catalyst. 

7. Theoretical considerations 
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Theoretical calculations might be the best “in situ/operando” approach to study the reaction at 

the atomic/electronic scale. Here, the applied quotation mark is in consideration of some 

assumptions and approximations when building models, performing calculations, and analyzing 

data for the theoretical simulations, and hence is not completely reflecting the information of 

“under real working conditions”. Nevertheless, theoretical simulations are still super powerful to 

provide us some pieces of essential information to predict, explain and guide the experimental 

science. In this section, we would not spill much ink on the reaction mechanism discussions, but 

instead, focus on some parameters such as the solvent effect, applied potential, pH value with “in 

situ/operando” flavors. 

7.1 Solvent effect 

Most DFT model calculations are based on the vacuum hypothesis, which miss lots of 

information of electrochemical reactions at the solid-liquid interface. Therefore, solvent effects 

involving both explicit and implicit considerations are crucial to be taken into account in the 

calculation processes. In electrochemical reactions such as the OER, the explicit solvent effect 

often be considered as the surface adsorbed or surrounding H2O, OH, H+, H3O
+, and even K 

species. For example, Gauthier et al. studied the explicit solvent effect on the IrO2 (110) model 

for the OER.[99] The inclusion of the explicit solvent greatly affects the geometry of adsorbed 

intermediates, however, but makes rather limited influence on the energetics of the reaction 

pathway (Figure 9a). One possible explanation is that the electrochemical reactions are mainly 

affected by catalyst-intermediate interactions, which are hard to be greatly influenced by the 

explicit solvent species. Notably, the solvent species may take part in the reactions directly and 

hence change the reaction pathways.[100-101] The implicit solvent effect has also been considered 

by the inclusion of the dielectric constant of the solvent.[102] Currently, the role of the solvent is 
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still not quite clear in theoretically studying the OER. Therefore, future calculation works should 

carefully consider the solvent effect on the reactions. 

7.2 Applied potential and pH value 

It is well known that the applied electrochemical potential and the pH values of the solvent will 

alter the surface state of catalyst and hence affect the OER activity. Besides the thermodynamic 

considerations of the free energies at different potentials, theoretical calculations are also able to 

study the surface structure of catalysts under different potentials and pH values. For instance, Liu 

and co-workers have constructed the surface Pourbaix diagram from the DFT thermodynamics 

based on a γ-NiOOH surface model.[103] With an applied potential, the adsorbed *H2O may 

decompose to *OH. A higher applied potential is associated with a higher degree of *OH 

coverage on the surface (Figure 9b). The location of the Ni vacancy on the defective γ-NiOOH 

surface can also be thermodynamically determined by the phase diagram considering the free 

energies as the function of the applied potentials (Figure 9c). The *□ -3H phase (catalyst 

adsorbed with 3 H) is demonstrated as the most stable configuration under OER conditions (< 

1.65 V vs. RHE), indicating that the applied potentials cause instability of the dangling O atoms 

on the NiOOH catalyst surface. Therefore, the unsaturated O atoms will capture protons from the 

electrolyte. Another example involves a study of the thermodynamic stability of metal-doped 

RuO2 OER catalysts.[104] Pourbaix diagrams are constructed from the DFT calculated free 

energies at different electrochemical potentials and pH values in aqueous conditions (Figure 9d). 

At the OER catalytic region in acidic conditions, the most stable states of the doped metal 

species are aqueous ions while the most stable state of Ru is RuO4, indicating that all materials 

will ultimately dissolve into the electrolyte during the OER. The significant thermodynamic 
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driving force to induce the leaching of metallic species agrees well with the experimental 

observations. 

7.3 Reaction barrier 

For electrochemical OER, DFT theoretical calculations usually only consider the 

thermodynamics factors of the reaction pathway involving adsorbed *OH, *O, and *OOH as key 

intermediates in the adsorbate evolution mechanism, or the lattice oxygen oxidation mechanism 

which involves direct O−O bond coupling.[55] However, the reaction kinetics of the OER has 

seldom been considered due to the complexity when performing the calculation and the high 

computational cost. The reaction barriers as computed by the transition state search method are 

of great significance when evaluating the catalytic activity of OER catalysts. Recently, Nørskov 

and co-workers evaluated the OER kinetics of a couple of rutile materials via calculating the 

reaction barriers on an explicit model.[22] The reaction kinetics of proton transfer between oxygen 

atoms in the electrolyte and at the catalyst surface is facile with a negligible reaction barrier 

(Figure 9e). However, the O−O bond formation step, i.e., the formation of *OOH, shows a much 

higher reaction barrier, and hence acts as the most likely rate-determining step in all catalysts 

(Figure 9f). In another example, Wu et al. have performed DFT simulations on the reaction 

barriers of some key elementary steps on some pure metal and alloy models, demonstrating the 

facilitated reaction kinetics on the alloy oxygen electrocatalysts due to the catalytic synergy.[78] It 

is worth noting that the overpotentials derived from DFT calculations without reaction kinetics 

considerations are often underestimated. 

8. Conclusions and perspectives 
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The last decades have witnessed the successful and wide applications of in situ/operando 

techniques with a deep penetration into electrochemical OER studies. The advantages and 

limitations of some commonly used in situ/operando characterization approaches with elaborated 

examples have been demonstrated in this review. To summarize briefly, the current research 

advances of TEM/STEM techniques, which offer us opportunities to observe the morphology 

and composition changes during the reaction, are largely based on ex situ characterizations. A 

number of works have been reported by using ex situ high resolution TEM/STEM to demonstrate 

the formation of metal oxyhydroxide structure after the OER catalysis. The demand of the ultra-

high vacuum condition, the difficulty in the design of in situ TEM cell, and the possible damage 

from the electron beam to the catalysts are existing challenges for the development of operando 

TEM techniques. Operando XAS technique has received tremendous research attention on OER 

studies recently. Specifically, Operando EXAFS is able to capture and analyze the coordination 

environment of atoms in the catalysts during the reaction, while XANES and soft XAS 

methodologies can provide information about the electronic structure of catalysts. Interestingly, 

that most operando XAS studies arrive at similar conclusions that the structure of the non-noble 

metal-based OER pre-catalysts will transform to the metal oxyhydroxide structure and the 

valence state of the catalytically active species will increase during the reaction under the applied 

electrochemical potential at the OER catalytic region. However, XAS is a bulk detection 

technique by measuring the ensemble catalyst film and hence cannot specifically reflect the 

structure information of the catalytic reaction occurring at the surface/subsurface region of 

catalysts or at the solid-liquid interface. Surface-sensitive XPS characterizations, especially for 

the in situ APXPS technique, can probe the electronic structural evolution of catalysts and 

demonstrate valence state changes of elements during the OER. The results often agree well with 
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the operando XANES analyses with increased oxidation states of the catalytically active metals, 

indicating the structural transformation from the pre-catalysts to M-OOH structures. Operando 

XRD technique has been well developed but is usually unable to capture the reconstruction 

process of the OER catalysts due to the low crystallinities of the materials. Fortunately, operando 

HE-XRD and the corresponding simulation and analyzing techniques serve as the potential 

promising approaches to study the dynamic structural evolution of OER electrocatalysts. In situ 

Raman and IR optical spectroscopies are also capable to substantiate the formation of M-OOH 

structure and detect other O-containing species during the OER catalysis. However, most in situ 

Raman studies can only prove the formation of Ni-OOH but is not good at probing other metals 

such as Fe-OOH. The in situ/operando IR characterizations still need more systematic works to 

build a more comprehensive database as references. The above in situ/operando characterizations 

all demonstrate the formation of or the structural evolution to M-OOH species, acting as the 

OER catalytically active phase for non-noble metal-based OER electrocatalysts, and surface 

amorphization often happens for all OER electrocatalysts. Moreover, the catalyst degradation 

mechanism and stability studies by measuring the metal dissolution using on-line ICP-MS can 

provide constructive information toward the commercialization of OER catalysts in practical 

devices, where the membrane can be easily plagued by the dissolved metal cations especially for 

non-noble metal-based OER electrocatalysts. Theoretical DFT calculation is a powerful tool to 

understand the reaction energetics, while it is challenged by the total and precise reflection of the 

real working condition of catalysis. Other in situ/operando characterizations such as APT, EIS, 

Mössbauer spectroscopy, X-ray emission spectroscopy, differential electrochemical mass 

spectrometry, electrochemical quartz crystal balance, etc. can also assist the study of OER 

electrocatalysts, but we will not elaborate them in detail in this review. 
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Although impressive research progresses have been achieved in the field of in situ/operando 

characterizations, we have to say that we are still facing an unsatisfactory status with a lack of 

efficient OER electrocatalysts for the large-scale commercialization and unsolved puzzles 

regarding the OER reaction mechanisms. We provide here the following perspectives and 

possible strategies to address the current bottlenecks in OER electrocatalysts, and hope to 

witness the future research and industrial progress on OER-related applications involving water 

electrolyzers, CO2 electrolyzers, nitrogen reduction cells, metal-air batteries, reversible fuel cells, 

among others. 

(1) Integrate multiple in situ/operando techniques. Since the individual in situ/operando 

technique can only provide limited information about the catalytic reaction from specific but 

different aspects, therefore, a close combination of multiple in situ/operando characterizations is 

expected to obtain a more comprehensive picture of the catalytic reaction. For example, the 

cooperation of in situ/operando XAS, Raman, and IR spectroscopies on the same in 

situ/operando reaction cell using synchrotron light sources will offer us the simultaneous 

detections of the catalyst structure change and the reaction intermediate evolution during the 

OER operation. This can enable a more convincing mechanism study at the same temporal and 

spatial scale. 

(2) Bridge the gap between in situ/operando cells and the real working devices. Currently, 

one major challenge of operando experiments is the design of the cell and its components. 

Generally, the operando cells are built upon the requirements of specific operando 

characterization testing conditions. To satisfy the operando investigation condition, the reaction 

cells are often designed in distorted configurations, resulting in the mismatch between the 

operando conditions and real working status. The possible damage of the catalyst structure from 
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the strong X-rays and electron beams makes the situation more complicated. Considering the 

above factors, the collected information may not fully reflect the true catalytic reaction. 

Therefore, developing and optimizing real electrolyzers which can truly bridge the gap between 

operando testing and real working condition with less device structure change and minimal 

system damage are challenging but urgently necessary. 

(3) Get more precisely time-resolved in situ/operando characterizations to capture the 

dynamic structural evolution. At present, it is still challenging to conduct real and precise time-

resolved operando characterizations to capture the dynamic structure changes of OER 

electrocatalysts. Current evidence from operando measurements usually needs a certain period of 

time to collect the results. For example, it takes a couple of minutes to collect one XAS or XRD 

spectrum. In fact, the lifetime of reaction intermediates is often at the picosecond level and most 

importantly the structure of catalyst will definitely experience a significant and often irreversible 

change during the time to collect one spectrum, especially at the initial reaction stage where the 

catalyst surface reconstruction happens very quickly. Further advancement, for example, using 

fast scan technologies (capturing one XAS spectrum about or within ten seconds) and X-rays 

with high energies (collecting one XRD pattern within a few seconds without sacrificing the data 

quality) of operando characterizations to improve the temporal resolution are expected to tackle 

the current drawbacks of operando techniques. Furthermore, high spatial resolution and energy 

resolution will benefit for the capturing of the subtle dynamic structure evolution of catalysts. 

For example, as for some reaction systems, the differences in the XAFS spectra are slightly on 

account of the presence of various adsorbates, which makes it difficult to capture the detailed 

differences in the electronic and coordination structures extracted from XAFSs. Higher energy 

resolution and spatial resolution are required to study catalysis systems with small variations. 
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(4) Develop other surface sensitive techniques. Currently, there are some surface-sensitive 

techniques already have been applied in OER studies. For example, XPS can determine the 

electronic structure of surface species of the catalysts, and FTIR and Raman spectroscopies can 

provide the structure information at the solid-liquid interface. Besides, surface structure 

information can also be obtained using XAFS techniques. For example, manipulating the depth 

of X-ray penetration of the target samples, such as applying grazing incidence XAFS technique, 

can extract the surface structure information of materials. In addition, applying differential 

EXAFS, which is the difference between two conventional EAXFS spectra, during the data 

processing can capture the atom perturbation happening at the catalytic surface region. 

(5) Design and fabricate model catalysts suitable for operando analyses. The electrocatalytic 

OER happening at the solid-liquid interface is very complex. The diversity of different bulk or 

local composition, crystal or amorphous structure, facet, particle size, and among others make 

the situation even worse. On this occasion, it is often hard to accurately and efficiently extract 

the dominant factor which is controlling and influencing the catalytic reaction. The design and 

successful fabrication of model catalysts with controlled size, shape, surface facet, composition, 

and phase structure for operando characterizations will help make the story simpler and get more 

convincing analyses and results. In addition, as the structural evolution of OER electrocatalysts 

mainly occurs at the surface/subsurface region of the catalytic materials, the fabrication of 

ultrathin nanosheet/nanofilm and thin-walled hollow structures can help concentrate the chemical 

reaction active sites to be more easily accessible for operando detections. This strategy is very 

suitable for bulk detection techniques by collecting the structure information of the ensemble 

materials, such as XAS and XRD. 



 

40 

 

(6) Apply isotope labeling experiments to assist the reaction mechanism studies. The 

detection and substantiation of the formation of M-OOH species during or after the OER 

conditioning have been widely reported in the literature using a wide range of in situ/operando 

techniques, such as TEM, XAS, XPS, XRD, Raman, IR, etc. However, the detailed reaction 

mechanism regarding the reaction pathway of how the OER occurs remains elusive. The 

participation of lattice oxygen and the role of oxygen vacancy in the catalysts, which are crucial 

in the reaction, need further demonstrations. Isotope labeling experiments are hence encouraged 

to be involved in the operando characterizations to obtain better fundamental understandings of 

the OER reaction mechanism. 

(7) Combine operando investigation with machine learning. Operando experimental 

evidence is the most straightforward and convincing data on OER electrocatalyst studies, but it 

often lacks capability to obtain the reaction information from the aspect of catalyst-intermediate 

interactions at the atomic or even electronic level. Fortunately, theoretical simulations are 

powerful approaches to predict, elucidate, and understand the experimental results. The 

successful detections of the evolution of key intermediates and the structural evolution of 

reactive centers, as well as the role of ions and electrolytes can be reflected in theoretical 

calculation models. With particular attention, machine learning should receive more research 

attention in accelerating the prediction and screening of better OER electrocatalysts toward 

efficient catalyst designs and fabrications in experiments. Through the high-throughput 

calculation of some key descriptors such as adsorption energies, d-band center, and coordination 

number by well-constructed machine learning model, the reaction thermodynamics, reaction 

kinetics, reaction pathways, rate-determining steps, and possible strategies to guide the catalyst 
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optimization and evolution can be output from a close combination of operando experiments and 

theoretical calculations. 
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Figures and Captions 

 

Figure 1. A schematic illustration of the operando characterizations for the OER. 
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Figure 2. (a) HAADF-STEM images of BSCF catalyst along with potential cycles. Reproduced 

with permission.[40] Copyright 2020, American Chemical Society. (b) A schematic illustration of 

the surface amorphization process of the SrIrO3 crystalline layer and the cross-section TEM 

images of the materials at the pristine stage and after 4 h OER operation. Reproduced with 

permission.[42] Copyright 2021, American Association for the Advancement of Science. (c) 

HAADF-HRSTEM images, cluster distribution graphs, and mass fraction histograms with 

different numbers of Ir clusters for pristine and OER-conditioned Ir-doped Co3O4 catalyst. (d) 

HAADF-HRSTEM images and the corresponding structural projections along varying 

symmetry-related directions of the OER-conditioned Ir-doped Co3O4 catalyst. Reproduced with 

permission.[36] Copyright 2021, American Chemical Society.  
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Figure 3. (a) A schematic illustration of the custom-designed operando XAS cell. Reproduced 

with permission.[47] Copyright 2020, Nature Publishing Group. (b) Ni K-edge EXAFS spectra of 

catalysts during the OER. Reproduced with permission.[10] Copyright 2021, Wiley-VCH. (c) 

Evolutions of bond length and coordination number for the Ni-M and Ni-O coordination shells 

during the OER catalysis. (d) Ni K-edge EXAFS wavelet transforms  of NiCo-MOF-74 recorded 

at different potentials. Reproduced with permission.[13] Copyright 2020, Nature Publishing 

Group. (e) EXAFS spectra of NF-PBA under different potentials. Reproduced with 

permission.[53] Copyright 2018, American Chemical Society. (f, g) Fe K-edge EXAFS spectra (f) 

and the corresponding wavelet transforms analysis (g) for different samples. Reproduced with 

permission.[57] Copyright 2020, Nature Publishing Group. (h) Co K-edge EXAFS spectra of 

CoAl2O4 (left) and CoFe0.25Al1.75O4 (right) at the open circuit potential and 1.5 V (vs. RHE). (i) 

A schematic illustration of the reconstruction process of CoFe0.25Al1.75O4 during the OER. 

Reproduced with permission.[14] Copyright 2019, Nature Publishing Group. (j) Bond lengths 

extracted from the XAS spectra at different potentials as a function of the Fe content. 

Reproduced with permission.[58] Copyright 2015, American Chemical Society.  



 

51 

 

 

Figure 4. (a) Normalized Ni K-edge XANES spectra, (b) and correlation between the absorption 

edge position in XANES spectra and the oxidation state of Ni species in Ni–Fe–Se catalyst 

during the OER as well as reference samples. Reproduced with permission.[10] Copyright 2021, 

Wiley-VCH. (c) Operando Ni K-edge XANES of NiFe-PBA at different applied potentials and 

reference samples. Reproduced with permission.[53] Copyright 2018, American Chemical Society. 

(d) Changes of the Ni and Co valence states and the electrochemical OER current versus applied 

potential in NiCo-MOF. (e) Change of the Ni valence states versus applied potential in different 

catalysts. Reproduced with permission.[13] Copyright 2020, Nature Publishing Group. (f) 

Operando Co K-edge XANES analysis of CoFe0.25Al1.75O4 under different potentials. (g) 

Operando Co valence state evolution of CoFe0.25Al1.75O4 and CoAl2O4 catalysts under different 

potentials. Reproduced with permission.[14] Copyright 2019, Nature Publishing Group. (h) Ni L-

edge of NiCoFeP catalyst at different working conditions. Reproduced with permission.[68] 

Copyright 2018, Nature Publishing Group.  
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Figure 5. (a) XPS spectra in the region of Ir 4f of the Ir-based electrocatalyst during the OER 

operation. Reproduced with permission.[71] Copyright 2018, Nature Publishing Group. (b) 

Schematic illustration of the APXPS setup. (c) Operando APXPS in the region of Ni 2p3/2 of (Ni-

Fe-Co-Ce)Ox catalyst at different conditions. Reproduced with permission.[73] Copyright 2017, 

American Chemical Society. (d) Operando APXPS in the region of Co 2p3/2 of the biphasic 

CoOx catalyst under different conditions. Reproduced with permission.[74] Copyright 2017, 

American Chemical Society. (e) Quasi-operando XRD patterns of the Ni-Fe diselenide OER 

catalyst during the OER operation. Reproduced with permission.[10] Copyright 2021, Wiley-VCH. 

(f) Operando XRD patterns of the NiCeOxHy catalyst under different potentials. Reproduced 

with permission.[76] Copyright 2018, Nature Publishing Group. (g) Operando grazing-angle XRD 

singles of CoFe2O4 and NiFe2O4 catalysts at different voltages. Reproduced with permission.[77] 

Copyright 2017, The Royal Society of Chemistry.  
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Figure 6. (a) Schematic illustration of the operando Raman spectroscopy setup. Reproduced with 

permission.[86] Copyright 2020, The Royal Society of Chemistry. (b) Operando Raman spectra 

collected at different potentials for NiCeOxHy catalyst. Reproduced with permission.[76] 

Copyright 2018, Nature Publishing Group. (c) Operando Raman spectra of NiFe oxide catalyst at 

varying applied potentials. (d) Chronopotentiometry measurement and the corresponding 

operando Raman spectra for NiNPS catalyst. Reproduced with permission.[88] Copyright 2019, 

Wiley-VCH. (e) Operando Raman spectra of 18O-labeled NiFe LDHs. Reproduced with 

permission.[61] Copyright 2019, Wiley-VCH.  
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Figure 7. (a) Schematic illustration of operando SR-IR setup. Reproduced with permission.[33] 

Copyright 2020, Elsevier. (b, c) Operando SR-FTIR results of the amino-rich carbon material as 

a function of the applied potential. Reproduced with permission.[92] Copyright 2019, American 

Chemical Society. (d) Operando SR-FTIR spectra of the lattice-strained NiFe-MOF under 

different potentials. (e) Plots of the infrared signal at 1048 cm−1 and the Ni4+/Ni2+ ratio at 

different potentials during the OER of NiFe-MOF catalyst. Reproduced with permission.[11] 

Copyright 2019, Nature Publishing Group. (f) Operando SR-FTIR measurements of NiFe-MOF 

at different potentials. Reproduced with permission.[93] Copyright 2020, American Chemical 

Society. (g) Operando SEIRA spectra for a polycrystalline RuO2 surface at varying applied 

potentials. Reproduced with permission.[16] Copyright 2020, Nature Publishing Group. 
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Figure 8. (a) A schematic illustration of the SFC-ICP-MS setup. Reproduced with permission.[94] 

Copyright 2019, Wiley-VCH. (b) Chronopotentiometric polarization curve and simultaneously 

recorded dissolution of Ir element as a function of the operation time for Ir-black catalyst. 

Reproduced with permission.[95] Copyright 2017, Wiley-VCH. (c) Top-down and side views of 

APT reconstructions of as-deposited Ir film and in-situ formed Ir oxides during the anodic 

oxidation process. Reproduced with permission.[71] Copyright 2018, Nature Publishing Group. (d, 

e) Nyquist plots for (d) pure Co3O4 and (e) VO-Co3O4 catalysts at different potentials. (f) The 

Rtotal values as a function of the applied potential for two catalysts. Reproduced with 

permission.[27] Copyright 2020, American Chemical Society. (g) Operando 2D contour Bode 

plots of different catalysts. Reproduced with permission.[98] Copyright 2020, Wiley-VCH. 
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Figure 9. (a) Model illustrating the solvent network on an IrO2 [110] surface. Reproduced with 

permission.[99] Copyright 2019, American Chemical Society. (b) Pourbaix diagram for the γ-

NiOOH surface. (c) Phase diagram of γ-NiOOH surfaces with different surface coverage. 

Reproduced with permission.[103] Copyright 2020, American Chemical Society. (d) Pourbaix 

diagram for the Y2Ru2O7 system. Reproduced with permission.[104] Copyright 2020, American 

Chemical Society. (e) Schematic illustration of the reaction barriers of some elementary steps 

during the OER. (f) The configuration of the transition state for *OOH formation on the IrO2 

[110] surface. Reproduced with permission.[22] Copyright 2019, American Chemical Society. 
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For Table of Contents Entry 

 

This review summarizes the recent advances of various operando characterizations of oxygen 

evolution electrocatalysts in understandings of the structural evolution processes and the reaction 

mechanisms. Although a great stride has been made in the past decades, the current knowledge 

and development status of OER electrocatalysts are still facing many challenges, which are 

discussed and elaborated in detailed examples together with some useful perspectives for future 

studies in the field. 


