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Gibbs free energy (ΔG) of water splitting 
reaction is 237.2 kJ mol−1, corresponding to 
a theoretical voltage of 1.23 V.[3] However, 
the existence of electrochemical/concen-
tration polarization and solution resist-
ance can increase the actual voltage of 
water electrolysis to much beyond 1.23 V. 
Particularly, the OER involves a compli-
cated four-electron transfer process, which 
results in a sluggish kinetics thus has 
long been the bottleneck.[4] Therefore, it is 
necessary to explore efficient and robust 
electrocatalysts to reduce the overpotential 
of water electrolysis and the extra electric 
energy consumption. Although noble elec-
trocatalysts, such as Pt, RuO2 and IrO2, are 
recognized as the most efficient electro-
catalysts for water electrolysis, their high 
scarcity and instability severely impede 
large-scale applications.[5] Recently, con-
siderable effort has been focused on non-
noble transition-metal materials as viable 
alternatives for water splitting. Under-
standing the intrinsic catalytic mechanism 

and real active sites of these catalysts will benefit the rational 
design and application of high-efficiency catalysts.

With the development of in situ characterization technolo-
gies, more reports have revealed that the original electrocatalyst 
(so-called “pre-catalyst”) surface sites would undergo dynamic 
reconstruction and transform into real reactive species.[6] This 
in situ reconstruction process could tune the electrocatalytic 
behaviors such as adsorption, activation, and desorption, thus 
improving the catalytic performance.[7] On this basis, many 
researchers utilized the pre-reconstruction of electrocatalysts 
to obtain a large number of active species for the catalytic 
reactions.[8] It has been found that the intrinsic properties of 
the pre-catalysts, such as composition, atomic arrangement, 
porosity, and crystallinity, would affect the reconstruction 
rate, reconstruction degree, and catalytic activity of the recon-
structed species.[9] Moreover, the reaction conditions also affect 
the reconstruction process, such as electrochemical operation, 
applied potential, electrolyte concentration, and pH.[6a] There-
fore, tuning the reconstruction process to generate abundant 
active sites with high intrinsic activity is an effective strategy to 
boost the catalytic performance of electrocatalysts.

Although some influential review articles on the reconstruc-
tion of catalysts during water electrolysis have emerged,[10] 
most of them focus on the discovery and characterization of 
the reconstruction phenomenon, less on the regulation of the 
reconstruction process. In addition, reconstructed catalysts for 

Water electrolysis is regarded as an efficient and green method to produce 
hydrogen gas, a clean energy carrier that holds the key to solving global 
energy problems. So far, the efficiency and large-scale application of water 
electrolysis are restricted by the electrocatalytic activity of applied catalysts. 
Recently, the reconstruction phenomenon of electrocatalysts during a cata-
lytic reaction has been discovered, which could form reactive sites for both 
the oxygen evolution and hydrogen evolution reactions. Regulation of the 
reconstruction process to generate a large number of reactive species with 
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the catalytic performance of electrocatalysts. This review summarizes recent 
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regarding the reconstruction process are systematically discussed, followed 
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Moreover, the modulation strategies are summarized with reported examples 
highlighting the promoted effects on the reconstruction process. Finally, the 
challenges facing surface-reconstructed catalysts for water electrolysis in the 
future are discussed.
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1. Introduction

As a clean energy carrier, hydrogen has the potential to solve 
the energy crisis.[1] Water electrolysis has been regarded as one 
of the most efficient methods to produce hydrogen gas with 
high purity. The process contains two half-reactions, namely 
the hydrogen evolution reaction (HER) on the cathode and the 
oxygen evolution reaction (OER) on the anode.[2] The standard 
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HER have seldom been discussed, which is an important topic 
since the reasonable regulation of the reconstruction process is 
the key to improving the activity of the reconstructed electro-
catalysts. Thus, this timely review summarizes the modulation 
strategies that promote the reconstruction process to enhance 
the number and OER/HER activity of newly formed active spe-
cies. As shown in Figure 1, the regulation strategies could be 
classified into six categories: surface activation, defect engi-
neering, partial dissolution of pre-catalysts, ionic doping, con-
struction of heterostructures, and deep reconstruction. These 
regulation strategies would influence the triggering condition, 
reconstruction rate, conversion degree, and the reconstructed 
species’ catalytic activity. In addition, we also generalized a 
series of physicochemical characteristics applied in tracking the 
dynamic reconstruction process and revealing real active sites. 
Through this review, we hope to provide insights on the design 
and preparation of reconstructed electrocatalysts for the benefit 
of the readers that are interested in this emerging field.

2. Fundamentals of Water Electrolysis

A complete electrolyzer for overall water splitting should con-
sist of a power source, electrolyte, a cathode, and an anode.[11] 
When voltage is applied, the water molecules in the electrolyzer 
will decompose to form oxygen and hydrogen.[12] As a half-
reaction on the cationic electrode, the HER undergoes a Volmer 
reaction followed by Heyrovsky or Tafel reaction,[13] as displayed 
in Figure 2a. For the Volmer reaction in acidic solution, free 
H+ will be adsorbed on the catalyst’s active sites and combined 
with an electron transferred from the electrode surface, and 
thus be transformed into hydrogen atoms bonded with metal 
sites (M-H). The generated hydrogen atoms (Hads) could form 
hydrogen molecules (H2) through Heyrovsky or Tafel reaction 
in the subsequent HER process. In the Heyrovsky reaction, 

electrons from the electrode surface combine with M-H and 
free H+ in the solution to form H2 molecules, which are then 
desorbed from the electrode surface. In the Tafel reaction, the 
H2 molecules are formed by combining two hydrogen atoms 
adsorbed on the electrode surface and then break away from 
the active sites. In alkaline electrolytes, the Hads adsorbed on 
the catalyst’s surface originate from the breakage of water mole-
cules due to the low proton concentration. Hence, the alkaline 
HER process requires more activation energy. In the actual 
reaction, the reaction path might follow Volmer-Heyrovsky, 
Volmer-Tafel, or both. No matter which reaction mechanism 
the HER reaction follows, the adsorption and desorption of 
Hads play a crucial role in the reaction rate. The weak binding 
bonds between Hads and the active sites would lead to reduced 
adsorption of Hads on the catalyst surface and prevent the reac-
tion from continuing. Whereas the strong binding bonds would 
make it difficult for the desorption of H2 molecules from the 
catalyst surface. The binding bonds could be estimated by cal-
culating the adsorption free energy (ΔGH) of Hads on the cata-
lyst surface.[14] For ideal HER catalysts, the adsorption free 
energy should be close to 0, that is, not too strong nor too 
weak.[15] Pt and Pt-based catalysts have been proved to be the 
best HER catalysts at present due to their optimal ΔGH.[16] How-
ever, their high cost and scarcity limit the practical application. 
Transitional metals (W, Co, Ni, etc.) and their derivatives (phos-
phides, sulfides, and selenides, etc.) with significantly reduced 
cost have been regarded as promising alternatives.[17] Although 
there is still a big gap between their performance and that of Pt-
based catalysts, the existing design and modulation strategies 
(single-atom catalysts,[18] atomic defect engineering,[19] hetero
atoms doping,[20] and heterostructure design[21]) have shown the 
efficacy of enhancing the electrocatalytic performance, aiming 
to approach the HER performance of Pt-based catalysts.

The OER process involves many complex elementary reac-
tions with intricate electron and proton transfer processes.[22] 
The dynamic evolution of reactive sites on the surface during the 
OER process brings about additional difficulty in identifying 
the reaction mechanism. Figure  2b shows one of the widely 
recognized reaction mechanisms at present. Taking the alkaline 
OER as an example, free OH− in solution is adsorbed on the 
active site of catalyst to form R-OH intermediate accompanied 
by transferring an electron from OH− to the electrode, which 
is then oxidized to M-O. The M-O subsequently binds with 
another OH− to form the M-OOH, which is then oxidized to 
release oxygen molecules.[5b] Compared with the alkaline OER 
process, the acidic OER process requires additional energy to 
promote water dissociation.[23] The OER process often involves 
the adsorption and desorption of oxygen-containing intermedi-
ates on catalysts; thus the catalysts applied for OER tend to be 
transition metal oxides, hydroxides, [24] and high-valence metal 
salts with oxygen-containing functional groups. In addition, 
the catalyst would undergo violent oxidation during the OER 
process. Therefore, some easily oxidizable catalysts could also 
show excellent catalytic performance, such as transition metal 
phosphides , [25] selenides,[26] and sulfides.[27] The most critical 
indicator for OER activity is the bonding strength of M-O in the 
intermediate groups during the OER process. The weak M-O 
bond strength would lead to the difficult formation of the inter-
mediate groups, while the strong M-O bond strength would 

Figure 1.  Schematic illustration of the modulation strategy of reconstruc-
tion for oxygen evolution reaction and hydrogen evolution reaction.
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make the intermediate groups too stable, which is not condu-
cive to the next reaction.

During both the OER and HER, the active sites play an 
important role in the adsorption and desorption of interme-
diates, and therefore determine the activity of the catalysts. 
In most cases, the generation of highly active sites is usually 
accompanied by dynamic surface reconstruction. Therefore, 
understanding the dynamic reconstruction process of cata-
lysts during the catalytic reaction is significant for revealing 
the intrinsic catalytic mechanism and the real active species of 
catalysts.

3. Reconstruction of Electrocatalysts

3.1. Reconstruction Phenomenon

Generally speaking, the reconstruction phenomenon refers to 
the evolution in structures of electrocatalysts during the reac-
tion process. As with the development of in situ characteri-
zation techniques to detect the fine structure on the catalyst 
surface,[28] the reconstruction process can now be observed 
under electrochemical conditions. During electrochemical 
reconstruction, pre-catalysts would be transformed into amor-
phous or low-crystallinity active species.[29] In most reports, the 
dynamic reconstruction could tune the catalytic performance of 
catalysts, which can significantly reduce the energy required for 
water oxidation. In addition, several reports also have shown 
that the pre-catalysts could also undergo reconstruction under 
HER condition, causing local atomic rearrangement and the 
reduction of high-valence metal cation,[30] which benefit the 
HER process. The reconstruction reaction can be evaluated in 
terms of triggering condition, reconstruction rate, and conver-
sion degree. Triggering condition refers to the potential, such 
as temperature, electrolyte concentration and overpotential, at 
which reconstruction occurs. Under certain temperature and 
electrolyte, reducing the starting potential allows generation of 
reactive sites at low potential, which can then initiate the HER/
OER at low overpotentials. The reconstruction rate represents 
the difficulty level of driving the reconstruction process. Acceler-
ating the reconstruction rate can create rich active sites quickly, 
which is conducive to the improvement in water electrolysis 

efficiency. Reconstruction degrees could reflect the conversion 
rate of pre-catalysts. Enhancing the degree of reconstruction 
can convert more pre-catalyst components into active species, 
leading to deeper reconstructed layer, a large number of active 
sites, and a high utilization rate of pre-catalyst. Since the recon-
struction process is essentially a chemical reaction, the intrinsic 
properties of the pre-catalyst along with the reconstruction con-
ditions would affect the reconstruction process. In addition, the 
dynamic structural evolution would tune the intrinsic proper-
ties (e.g., composition, microstructures, metal valence state, 
defect level) of newly formed species, which are related to the 
catalytic performance.[31] Hence, tuning the intrinsic properties 
of the pre-catalyst and applying reasonable reconstruction strat-
egies such as surface activation, defect engineering, partial dis-
solution, ionic doping, heterostructure construction, and deep 
reconstruction, could tune the reconstruction behavior and 
thus the structure of the pre-catalyst, and thereby boosting the 
catalytic activity of the reconstructed layers. The most common 
driving force for the reconstruction through various strategies 
is essentially the surface chemical reactions or chemical con-
versions (except for the partial dissolution), which often result 
in the formation of new electrocatalytically active species. To 
promote the reconstruction, the catalysts could be designed 
with high surface area (which benefits the surface activation), 
high structural feasibility (e.g., through defect engineering), or 
high electronic/ionic transport properties (e.g., through ionic 
doping or heterostructure construction). These strategies, how-
ever, could deliver different reconstruction results as they focus 
on the modification of different specific properties of the pre-
catalysts, and would thus possess distinct impacts on the recon-
struction kinetics, reconstruction pathway, and reconstruction 
degree. Table 1 illustrates the effective reconstruction strate-
gies along with the related catalytic systems. The application of 
these modulation strategies in promoting the reconstruction of 
OER and HER catalysts would be discussed in more detail in 
Sections 4 and 5, respectively.

3.2. Advanced Characterizations

The information on reconstruction can be obtained through 
a series of ex situ and in situ electrochemical, electron 

Figure 2.  Mechanism of a) hydrogen and b) oxygen evolution reactions in acidic (orange) and alkaline (blue) solution.
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microscopic, X-ray diffraction (XRD) and spectroscopic char-
acterizations. Ex situ techniques can capture the structural 
and component properties of pre-catalysts; however, it is chal-
lenging to obtain detailed information during the catalytic 
reaction. Whereas in situ techniques are capable of tracking 
the evolution of catalysts in real-time (e.g., changes in metal 
valence state and atomic structure transition), which gives 
important data for further understanding the reconstruction 
mechanism and designing high-performance pre-catalysts.[32] 
A variety of ex situ and in situ characterization techniques are 
systematically discussed as follow.

The number of reconstructed species and electrocata-
lytic activity evolve as the reconstruction proceeds, which can 
change the electrochemical properties reflected by electro-
chemical characterization techniques. For example, the evo-
lution in the curve shape of cyclic voltammetry (CV) during 
reconstruction could determine the reversibility of the electrode 
reaction, the adsorption of intermediates, and the formation of 
new phases.[10a] As shown in Figure 3a,[33] the area under the 
oxidation peaks of reduced graphene oxide (Ni1.4Fe0.6P@rGO) 
catalyst gradually enlarges with the ongoing CV test, suggesting 
the successive formation of reconstructed NiOOH active spe-
cies on the catalyst surface. In addition, the variation of catalytic 
activity can be reflected by the linear sweep voltammetry (LSV) 
curve and chronopotentiometry (CP), which directly show the 
changing trend of catalytic current density during the recon-
struction process. For instance, Figure 3b shows that the over-
potential of Ni1.4Fe0.6P@rGO to drive an OER current density 
of 10 mA cm−2 gradually decreases during the first ten cycles, 
implying the enhancement in OER activity. The increasing 
current density can also be observed in the surface recon-
struction of CoxOy/FTO under chronopotentiometry operation 
(Figure 3c),[34] which represents the enhancement in OER per-
formance due to the formation of active sites. The reconstruc-
tion process could optimize pre-catalysts’ surface properties 
and electronic structure to accelerate the electron transfer rate, 
as can be reflected by in situ electrochemical impedance spec-
troscopy (EIS) analysis. For example, Wang et al. applied in situ 
EIS characterization to trace the evolution of Co-active sites in 

oxygen deficient Co3O4 during OER.[35] As shown in Figure 3d, 
the decrease of charge transfer resistance (Rct) represents the 
reduction in the OH− adsorption resistance. However, the evolu-
tion in structure and composition during reconstruction cannot 
be reflected intuitively by electrochemical characterization.

The reconstruction often leads to the morphological changes 
of the catalysts, which can be observed using microscopy. These 
changes, sometimes can be directly observed by the scanning 
electron microscopy (SEM), for instance, the formation of FeNi 
oxyhydroxide layer on the Fe0.4Ni0.6-alloy surface after the OER 
(Figure  3e,f).[36] However, in most cases, the SEM techniques 
fail to reveal the specific information of the ultrathin recon-
structed layer on the surface and the internal structure evolution 
of catalysts. Transmission electron microscope (TEM) is another 
common tool to study microstructures; it works by producing 
images based on the transmitting electron beam crossing sam-
ples.[39] Compared with the SEM technique, TEM is able to explore 
both the surface evolution and interior structure. Tarascon et al. 
conducted high resolution TEM (HRTEM) accompanied with the 
fast Fourier transform (FFT) characterization of La2LiIrO6 with dif-
ferent activation cycles.[37] Figure 3g reveals the growth process of 
IrO2 nanoparticles on the catalyst surface along with the evolution 
of lattice during electrochemical activation. In addition, the recon-
struction process can be observed in real-time using in situ TEM 
characterization. As displayed in Figure 3h, Ersen et al. observed 
the phase conversion of crystalline Co3O4 nanoparticles into amor-
phous CoOxHy, a composite of crystalline CoO, CoOOH, and 
Co(OH)2 through operando TEM characterization.[38] This tech-
nique can be applied during the catalytic reaction, thus deserves 
more attention in reconstruction research.

X-ray diffraction uses the X-ray with a specific wavelength to 
irradiate the sample. The atoms in the sample excite secondary 
X-rays and interfere with each other to produce specific diffrac-
tion.[40] The phase structure and crystal size of bulk electro-
catalysts can be revealed through the analysis of the diffraction 
pattern. For example, in situ XRD patterns of Ni(OH)2 confirm 
through the appearance of strong peaks assigned to γ-NiOOH of 
its existence at certain potentials (Figure 4a).[41] Although XRD 
techniques show the advantages of fast detection and simple 

Table 1.  Summary of the reconstruction strategies and typically associated systems.

Reconstruction strategies

Surface activation Defect engineering Partial dissolution Ionic doping Heterostructure 
construction

Deep reconstruction

Typical systems

Non-oxide catalysts with 
large surface area.

Example: CoP 
nanosheets, Ni2Mo3N 
nanorods

Catalysts with abundant 
defects.

Example: Co3O4 with 
oxygen vacancies

Catalysts with soluble 
species in electrolytes.

Example: NiGa LDH in 
KOH, SrIrOx in H2SO4

Catalysts with elemental 
dopants.

Example: Cl-doped 
LiCo2O4, Fe-doped CoAl2O4

Hybrid catalysts with a 
heterostructure.

Example: Pd/Fe3O4, 
Co3O4/CeO2

Catalysts with electrochemically 
unstable structure.

Example: Metal-organic 
frameworks, metal molybdates
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operation, they are unable to accurately detect the evolution of 
surface reconstructed species with an amorphous state. X-ray 
photoelectron spectroscopy (XPS) applies characteristic X-ray to 
interact with atoms on the surface of the sample and induce 
electron ionization in the inner shell of the atom to release 
photoelectron.[42] The surface (and a few nanometers near the 
surface) composition and chemical states of catalysts could be 
accurately determined by measuring the kinetic energy of the 
photoelectron with good spectra repeatability. Qiu et al. uncov-
ered the intensity increasing trend of the XPS peaks assigned 
to Co3+ and M-O along with the decay of P peak in operando 
XPS spectra of Co0.8Fe0.2P@C during electrochemical activa-
tion (Figure 4b),[43] confirming the formation of active CoOOH 
species accompanied with the leaching of P. Since XPS charac-
terization is very sensitive to the catalyst surface composition 
and susceptible to impurities, it must be conducted in conjunc-
tion with ion etching to realize depth analysis of the sample. 
In addition, low-energy ion scattering (LEIS) is also a powerful 
technique that can be used to analyze the surface chemical and 
structure makeup of the catalysts.[44] The LEIS involves an ion 
beam (typically with a low energy of 0.1–10 keV) directed at the 
samples and the collection of energy spectra of scattered ions. 
The LEIS has a very high sensitivity to the elemental composi-
tion of the outermost atomic layer of a material, which cannot 
be realized by other surface sensitive techniques such as XPS. 
Further, the LEIS can also provide depth profile information of 
≈10 nm. Unfortunately, this technique has rarely been applied 

to study the reconstruction of electrocatalysts.[45] Due to its 
extremely high sensitivity, the LEIS requires ultra-high vacuum 
conditions and the signal could be blocked by unexpected sur-
face contaminations. Fourier-transform infrared spectroscopy 
(FTIR) is conducted by achieving the transitions of vibrational 
and rotational energy levels from the ground state to the excited 
state under the continuous change of infrared light. From ana-
lyzing the generated molecular absorption spectrum, compo-
sition and structure of functional groups of the newly formed 
species during the reconstruction process can be identified.[46] 
For instance, Xia et al. confirmed the formation of metal oxy-
hydroxide during the OER by performing operando attenu-
ated total reflection FTIR (ATR-FTIR) (Figure  4c).[47] However, 
the relatively low sensitivity of FITR requires higher content of 
detected components in samples.

The top surface information of catalysts during electrocatal-
ysis can be also gained by Raman spectroscopy combined with 
probing molecules, which could reflect the evolution of chem-
ical bonds and groups in the bulk catalysts with high sensi-
tivity.[50] Lin et al. noted the formation of active species is poten-
tial-dependent,[48] as shown in Figure 4d. The Raman peaks at 
474 and 554 cm−1 could be assigned to γ-NiOOH, which would 
appear as the potential increased to 1.41 V, indicating the forma-
tion of Ni3+ active species on the surface. Nevertheless, overlap 
of different vibration peaks and Raman scattering intensity are 
easily affected by optical system parameters. The structural evo-
lution of the reconstructed species formed on the electrocatalysts  

Figure 3.  a) Continuous CV and b) LSV polarization curves of the Ni1.4Fe0.6P@rGO catalyst in 1 m KOH. Reproduced with permission.[33] Copyright 
2019, Royal Society of Chemistry. c) Chronoamperometric activation curves of CoxOy/FTO in 1 m KOH. Reproduced with permission.[34] Copyright 
2017, Royal Society of Chemistry. d) In situ measured EIS spectra of Vo–Co3O4 catalysts in 1 m KOH. Reproduced with permission.[35] Copyright 2020, 
American Chemical Society. SEM images of Fe0.4Ni0.6-alloy fiber paper e) before and f) after OER tests. Reproduced with permission.[36] Copyright 
2021, Elsevier. g) FFT filtered HRTEM images of La2LiIrO6 at different cycling times. Reproduced with permission.[37] Copyright 2016, Springer Nature. 
h) Illustration of the evolution of Co3O4 nanoparticles during OER process as revealed by in situ TEM. Reproduced with permission.[38] Copyright 2019, 
American Chemical Society.
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could be monitored by X-ray absorption spectroscopy (XAS), 
which is very sensitive to the variation in local chemical envi-
ronments of bulk catalysts,[51] in which the sample absorbs 
X-rays to excite its core electrons to vacant orbitals (XANES) or 
to the continuous state to form dry emission waves (EXAFS) 
with surrounding atoms. XANES spectra can reflect the chem-
ical valence states and electronic structure, while the bond dis-
tances and coordination numbers around adjacent atoms can 
be calculated from EXAFS result. For example, Li et al. used 
the in situ XAS technique to track the spontaneous delithiation 
during the reconstruction process.[49] Figure  4e shows a posi-
tive shift and decreased intensity of Co K-edge XANE spectra 
after the OER, indicating an increase in the cobalt valence state. 
Moreover, the variation of Co K-edge EXAFS spectra (Figure 4f) 
reflects the shrinkage of Co-O distance and increasing Debye-
Waller factor, confirming a distortion of the CoO6 octahedron. 
The technique can track the dynamic structural evolution of 
bulk electrocatalysts in terms of the coordination environments 
and average oxidation states, thus can accurately detect the 
structure of disordered or amorphous reconstructed species. 
However, the results of XAS are easily affected by mutual ele-
ment interference and superposed peaks. Finally, all mentioned 
techniques for ex situ and in situ characterizations of the recon-
struction process and their respective information obtained 
as well as advantages and disadvantages are summarized in 
Table 2 for comparison.

4. Reconstruction Strategies for OER 
Electrocatalyst

The reconstruction of pre-catalysts leads to the formation of 
real active catalytic sites that determine the OER performance. 
The modification of reconstruction process can tune the 
intrinsic structural properties of reconstructed layers and thus 
the electrocatalytic activity. In this section, modification strat-
egies, including surface activation, defect engineering, partial 
dissolution, ionic doping, heterostructure construction and 
deep reconstruction, will be systematically discussed to reveal 
how they can be applied to tune the reconstruction process and 
the structure of reconstructed species that lead to high catalytic 
activity.

4.1. Surface Activation

The surface reconstruction of pre-catalysts could be achieved 
by electrochemical activation. Electrochemical activation is a 
common method to induce structural changes in pre-catalysts, 
such as surface oxidation, ion leaching, and phase transforma-
tion.[52] The surface evolution is affected by the applied elec-
trochemical operation conditions, such as continuous cycling, 
galvanostatic, and potentiostatic states. Subramanian et al. have 
explored the influence of different electrochemical operations 

Figure 4.  a) In situ XRD patterns of Ni(OH)2/NF for the OER. Reproduced with permission.[41] Copyright 2018, Springer Nature. b) In situ XPS spectra 
of Co 2p, O 1s, and P 2p of Co0.8Fe0.2P@C after different activation time. Reproduced with permission.[43] Copyright 2020, Wiley-VCH. c) In situ ATR 
FTIR spectrum of dealloyed multiple-metal-site alloy under OER condition. Reproduced with permission.[47] Copyright 2020, Royal Society of Chem-
istry. d) In situ Raman spectra of NiFe2O4/NF at different potentials. Reproduced with permission.[48] Copyright 2021, National Academy of Sciences. 
e) In situ XANES and f) corresponding FT-EXAFS spectra of Li2Co2O4 after 20 and 60 min. Reproduced with permission.[49] Copyright 2019, American 
Chemical Society.
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on the surface activation of CoxOy.[34] As shown in Figure 5a, 
the CV curves obtained before and after activation confirm the 
notable reduction in overpotential at 10  mA cm−2 achieved by 
both galvanostatic and potentiostatic methods, which contrib-
utes to the formation of β-CoOOH on the surface, and the 
effect of potentiostatic method is more remarkable. In addi-
tion, electrochemical cycling has been an effective method to 
promote the irreversible transformation of the pre-catalysts. 
The less stable components would leach gradually into the 
electrolyte during continuous cycling until stable species form 
on the surface. Xu et al. recently applied the electrochemical 
delithiation achieved by electrochemical cycling as an effi-
cient strategy to convert LiNiO2 pre-catalyst into highly active 
NiOOH as catalytic sites for OER.[53] Figure  5b exhibits that 
the NiOOH layers are formed on the surface accompanied by 
contraction of Ni-O bonds induced by migration of Ni with the 
aid of electrochemical delithiation. Electron energy loss spec-
troscopy (EELS) and XAS characterization reflect the surface 
evolution of LiNiO2 with prolonged CV cycling. As shown in 
Figure  5c, the EELS result suggests a higher Ni intensity of 
LiNiO2 treated by 500  cycles (LNO-500) than that of original 
LiNiO2, indicating that Ni accumulates on the surface during 
activation cycling. Figure 5d reveals the increase in Ni valence 
state and Ni-O shrinkage with prolonged activation cycles, sug-
gesting the formation of γ-NiOOH on the delithiated LiNiO2. 
Such evolution of NiOOH on the surface correlates with the 
high OER activity. The rich Li vacancies in delithiated LiNiO2 

created by electrochemical delithiation could promote the 
deprotonation of NiOOH to form NiOO* during the OER pro-
cess, which serves as electrophilic centers to boost the OER. It 
can be noted that the OER current density of LiNiO2 retains 
the tendency to increase from 1st to 500th, and subsequently 
decreases from 500th to 1000th (Figure  5e), implying that the 
double-edged sword effect of activation cycles on the OER per-
formance. Therefore, attention should be paid to the influence 
of cycle number on the structure and catalytic activity of the 
reconstructed species catalyst during CV activation.

In addition to the number of cycles, the surface evolution of 
catalysts is also influenced by the potential range of cycling. Xia 
et al. revealed the formation of FeH9(PO4)4 (FePi) on the surface 
of Ni1.4Fe0.6P decorated on reduced graphene oxide (Ni1.4Fe0.6P@
rGO) through cycling at a potential range of −0.3–0.5 V versus 
RHE for 10 cycles.[33] HRTEM image (Figure 5f) confirms the 
formation of a crystalline phosphate layer between Ni1.4Fe0.6P 
and rGO shell, resulting in enhanced OER activity due to the 
FePi/Ni1.4Fe0.6P synergy. Besides, they found that the phosphate 
disappeared whereas NiFe-OH formed at a higher potential 
range of 1.2–1.5 V versus RHE. Similarly, Huang et al. adjusted 
the applied potential of continuous cycling to tune the deal-
loying of IrTe2 hollow nanoshuttles (HNSs).[54] At low poten-
tials, the Te was partially leached off, leading to IrTe2 HNSs 
with a metallic Ir shell along with abundant defects (D-IrTe2), 
whereas at higher potentials, the surface Ir was further oxidized 
into IrOx (Figure  5g). The HRTEM images reveal rich defects 

Table 2.  Summary of characterizations for the reconstruction.

Advanced characterizations for reconstruction

Electrochemical characterization Electron microscopic 
characterization

X-ray diffraction and spectroscopic characterization

CV LSV/CP EIS SEM TEM XRD XPS FITR Raman XAS LEIS

Characterization sites

Bulk Bulk Bulk Surface Bulk Bulk Surface or 
near surface

Bulk Bulk Bulk Surface or 
near surface

Information obtained for measured samples

Electrode 
reaction and 
reversibility

Electro-
catalytic 
activity

Electrode 
reaction 

kinetics and 
internal 

resistance

Surface 
morphology

Surface 
morphology 

and 
hyperfine 
structure

Phase 
structure 

and crystal 
size

Elemental 
composition 
and chemical 

valence 
states

Group 
composition 

and 
molecular 
structure

Chemical 
bonds and 

groups

Coordination 
environments

Chemical 
and structure 

makeup

Pros

Intuitively reflecting the dynamic change of 
electrochemical properties

Stereoscopic 
and wide-field 

imaging

High 
resolution 
and easy 
to reflect 
hyperfine 
structure

Fast 
detection 

and simple 
operation

High 
sensitivity 
and good 
spectra 

repeatability

High 
penetration 
and no loss 
of samples

High 
sensitivity 
and short 
test time

High 
analytical 
precision 
and wide 

applicability

High 
sensitivity 

to both 
structure and 
composition 

of surface

Cons

Failing to reflect evolution in structure and 
composition during reconstruction

Low resolution 
and inability 
to show fine 

structure

Limited 
imaging 

range

Failing 
to test 

amorphous 
structure

Susceptible 
to surface 
impurities

Poor 
sensitivity 

and difficult 
analysis

Susceptible 
to optical 

parameters

Susceptible 
to mutual 
elements 

interference 
and 

superposed 
peaks

Unexpected 
surface 

contamination 
could block 
the signal of 
real species
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on the surface of reconstructed catalysts, such as vacancies, 
grain boundaries, stacking faults and rearrangement of residual 
atoms (Figure  5h). These defects in DO-IrTe2 could optimize 
the local coordination environment and electronic structure 
of Ir and thus enhance OER catalytic performance. Oh et al. 
revealed the effect of pH on the reconstruction behavior of IrNi 
alloy nanoparticles.[55] In acidic electrolyte, the pre-catalysts 
would be converted into IrOx accompanied by Ni leaching upon 
CV activation, while the Ni-rich IrNiOx and mildly oxidized 
IrOx shell were formed on the surface in alkaline and neutral 
conditions. In conclusion, the reconstruction behavior can be 
altered by adjusting electrochemical conditions to yield recon-
structed species with the desired structure and catalytic activity.

Naturally, an amorphous shell of active species is formed 
on the surface of the pre-catalysts to form heterostructures 
through electrochemical oxidation, which could enable rapid 
electron transfer at the interface for catalytic reactions. For 
example, Wang et al. reported that the surface of NiFe and NiCo 
alloys were transformed into corresponding oxides under galva-
nostatic electrochemical oxidation (Figure 6a).[8c] The successful 
formation of alloy/hydroxide core-shell structures by electro-
chemical activation of metal alloys could enable higher OER 
activity of NiFe/NiFe-OH and HER activity of NiCo/NiCo-OH 
than the parent alloys. In addition, the charge transfer resist-
ance of the heterostructure can be reduced due to the acceler-
ated electron transfer at the interface, which allows for stable 
water-splitting electrolysis at a large current density of 1 A cm−2 

for 300 h. Similarly, Zheng et al. have developed nanostruc-
tured NiCo alloys with an oxide layer forming through activa-
tion of NiCo-SiO2 composite along with the dissolution of SiO2 
under continuous CV scans.[56] The presence of the metal core 
can improve the conductive oxide layer, while the coated oxide 
layer also contributes to the increased stability.

Activation of metallic compounds such as nitrides, sulfides, 
and phosphides through the construction of stable metallic 
oxide on the catalyst surface can also form heterostructures. 
The formation of reconstructed species on the surface of pre-
catalysts can modulate electron structures to accelerate crucial 
steps in OER reaction. Yang et al. fabricated Co–Ni bimetallic 
phosphides with a novel 2D/3D structure and confirmed the 
generation of CoOOH shell on the surface after CV activation,[59] 
which could tune the adsorption behavior of OER on the cata-
lyst. Wang et al. proposed an electrochemical surface reconfigu-
ration (ESR) method to construct NiV nitride@oxyhydroxide 
(NiVN@OOH).[60] The rich NiVN/NiVOOH interfaces enlarge 
the electrochemically active specific surface area and promote 
the intrinsic OER kinetics. After electrochemical activation, the 
synergistic effect of metal cations plays an important role in 
enhancing the activity of reconstructed species. For example, 
Zou et al. constructed Ni3Fe1−xVx/Ni3Fe1−xVxN heterojunc-
tions and revealed the formation of NiFeOOH shell on the 
surface during OER,[61] in which the variable-valence V3+/4+ 
acted as electron acceptor to boost the electron transfer from 
the OER intermediates that are adsorbed on the amorphous 

Figure 5.  a) CV curves of CoxOy/FTO before and after potentiostatic activation (top) and galvanostatic activation (bottom). Reproduced with permis-
sion.[34] Copyright 2017, Royal Society of Chemistry. b) Schematic illustration of the surface reconstruction of LiNiO2 in the OER process. c) Ni EELS 
intensity on the near-surface LiNiO2 before and after activation. d) Valence state and Ni-O bond length of various Ni-based samples. e) CV curves of 
LiNiO2 collected at different CV activation cycles. Reproduced with permission.[53] Copyright 2020, Wiley-VCH. f) HRTEM images of Ni1.4Fe0.6P@rGO 
after activation cycling (top) and OER process (bottom). Reproduced with permission.[33] Copyright 2019, Royal Society of Chemistry. g) Schematic 
illustration of the evolution of IrTe2 HNS as applied potential increases. h) HRTEM images of D-IrTe2 HNS (top) and DO-IrTe2 HNS (bottom). Repro-
duced with permission.[54] Copyright 2020, Wiley-VCH.

Adv. Energy Mater. 2022, 12, 2201713



www.advenergymat.de

© 2022 Wiley-VCH GmbH2201713  (9 of 29)

www.advancedsciencenews.com

NiFeOOH shell. Yang et al. reported that an activation layer 
with rich oxygen atoms could be formed on the surface of 
Ni2Mo3N under OER conditions.[57] The HRTEM images can 
evidence this result along with EELS mapping after the OER 
(Figure  6b,c), where an amorphous active layer accompanied 
with concentrating distribution of O on the surface can be 
observed. The metallic Mo substitution of Ni atoms in activa-
tion layer can serve as “electron pump” to transfer electrons 
to O atoms, which can significantly reduce the free energy for 
OH deprotonation reaction and the reaction overpotentials to 
far below those of pure NiO and Ni2Mo3N. In summary, rea-
sonable design of pre-catalysts and optimal conditions for elec-
trochemical activation are necessary for obtaining highly active 
reconstructed species.

It should be noticed that modification of active species 
through electrochemical activation may easily cause damage to 
the nanostructure due to the severe dissolution of pre-catalysts. 
Although increment in material disorder can be achieved due 
to partial dissolution of specific components, electrochemical 
activation could also lead to active material loss and decline in 
the stability of catalysts. Thus, it is extremely challenging to 
generate highly active while stable catalysts by nondestructive 
modifications. Zhao et al. immersed La0.8Sr0.2Co0.8Fe0.2O3−δ in 
in an aqueous solution of NaBH4 at room temperature to form 
an amorphous layer with abundant oxygen vacancies on the 
surface accompanied by reduction of Co3+ to Co2+ and obtained 
a low overpotential of 248 mV at 10 mA cm−2.[62] Plasma treat-
ment provides an efficient strategy for such purpose under 
mild conditions.[63] Ostrikov et al. successfully activated metallic 
sites in CoFe-PBA using air plasma under low temperature,[64] 
leading to enhanced OER performance with structural integrity. 
The plasma treatment can promote the oxidation of Co sites 
and introduce M-O bonds in CoFe-PBA framework, which is 
beneficial for enhancement in OER activity of metal catalytic 
sites. Rational utilization of oxidizing plasma species could 
construct surface oxide layer, leading to heterostructure. Hou 

et al. used oxygen plasma followed by surface hydrogenation to 
convert NiMoS nanosheets into NiOx/Ni3S2-MoOx/MoS2 het-
erostructure (Figure 6d),[58] where the former serves as the OER 
sites whereas the latter as the HER sites (Figure 6e). The cou-
pling interface could optimize the adsorption of H atoms and 
oxygen-containing intermediates, resulting in the rapid kinetics 
of water decomposition and thus improving the catalytic perfor-
mance. Moreover, plasma activation can optimize the structure 
of the pre-catalysts and facilitate the surface reconstruction. 
Wang et al. selectively etched Sn off from the surface of SnCoFe 
perovskite hydroxide by Ar plasma treatment,[65] which resulted 
in exposed active CoFe sites with high surface area that allows 
transformation to an amorphous surface layer during OER pro-
cess. Owing to its controlled atmosphere and technological pro-
cess, the application of plasma activation in promoting recon-
struction deserves further development.

4.2. Defect Engineering

The surface defect engineering of pre-catalysts, such as step 
edges, vacancies, and amorphousness, can regulate the elec-
tronic structure and local binding environment of metal sites 
to facilitate the transfer of electrons and increase adsorption 
of oxygen-containing intermediates,[66] which would create 
favorable conditions for rapid reconstruction. In particular, 
inherent oxygen vacancies can make it easier to trigger recon-
struction during catalytic reactions by increasing the electron 
density surrounding metal atoms, reducing the oxidation 
states of metal cations. Recently, Xiao et al. have studied the 
promoting effect of oxygen vacancies in Co3O4 (Vo-Co3O4) on 
reconstruction during the OER process via in situ identifica-
tion of dynamic behavior.[35] As shown in Figure 7a, oxygen 
vacancy can initiate the pre-oxidation of Co2+ to Co3+ at low 
potential before the OER proceeds. The in situ XPS (Figure 7b) 
result reveals that oxygen vacancies increase the content of 

Figure 6.  a) Synthetic process of reconstructed NiM/NiM-OH (M = Co and Fe) core-shell catalysts. Reproduced with permission.[8c] Copyright 2020, 
Elsevier. b) HRTEM with corresponding EELS mapping images of Ni2Mo3N after the OER. c) EELS line scans of oxide-rich activation layer on the sur-
face of Ni2Mo3N after the OER. Reproduced with permission.[57] Copyright 2020, Wiley-VCH. d) Schematic diagram of the preparation and e) catalytic 
mechanism of NiMoOx/NiMoS heterostructure. Reproduced with permission.[58] Copyright 2020, Springer Nature.
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Figure 7.  a) The first CV curves of pure Co3O4 and Vo-Co3O4. b) The Co2+/Co3+ relative content based on the in situ XPS result. c) In situ XANES spectra 
of pure Co3O4 and Vo-Co3O4. d) The EXAFS coordination number of Co sites with the applied potential. Reproduced with permission.[35] Copyright 2020, 
American Chemical Society. e) Evolution of crystalline Ni(OH)x species and cationic defects in NiFe-LDH. Reproduced with permission.[68] Copyright 
2021, Wiley-VCH. f) LSV curves of α-Ni(OH)2 with different concentrations of oxygen vacancies. g) The calculated formation energy of γ-NiOOH with 
different concentrations of oxygen vacancies. Reproduced with permission.[69] Copyright 2018, American Chemical Society. h) In situ Raman spectra of 
c-NiFeMo and a-NiFeMo. Reproduced with permission.[70] Copyright 2019, Wiley-VCH.
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low-valence Co2+ on the surface of Vo-Co3O4. Moreover, the 
Co2+/Co3+ ratio decreases rapidly with the increase of applied 
potential, suggesting the occurrence of surface oxidation of  
Vo-Co3O4 at a low potential. In addition, the rapid surface recon-
struction can be confirmed by in situ XAS characterization. The 
large displacement trend observed in Co K-edge XANES spectra 
(Figure 7c) of Vo-Co3O4 suggests the rapid rise of cobalt oxidation 
state of Vo-Co3O4 at low potential, in sharp contrast with the slow 
shift in the spectra of pure Co3O4. As shown in Figure 7d, the 
EXAFS coordination number of cobalt ions in Vo-Co3O4 begins 
to decrease at 1.45  V. In comparison, the downshift trend is 
observed for Co3O4 at a higher potential of 1.55 V, which reflects 
that the Co-OOH* intermediates on the surface of Vo-Co3O4 
can achieve deprotonation at a lower potential. Besides, the 
increasing coordination number of the tetrahedral cobalt sites 
from open circuit potential state to 1.25  V confirms the rapid 
combination of OH− with Co sites during pre-oxidation of Co2+. 
The promoted effect on the reconstruction may be attributed 
to the fact that the OH− in the electrolyte can quickly fill the 
oxygen vacancies in Vo-Co3O4 and combine with Co sites to form 
active Co-OOH* intermediates under OER conditions. Zhou et 
al. synthesized the NiFe LDH electrocatalysts with rich oxygen 
vacancies (NiFe-LDH-Vo) by controlling the ratio of EtOH/H2O  
in rapid hydrolysis.[67] The presence of oxygen vacancies can 
increase the electron density in Ni and Fe d-orbital, resulting 
in decreased content of electronic spin and unpaired elec-
trons. The enriched electron density on Ni sites would ini-
tiate the transition of Ni2+/Ni3+ at a lower potential, implying 
the rapid reconstruction under OER conditions. Moreover, the 
rich oxygen vacancies can facilitate the deprotonation to accel-
erate the transformation of original n-type α-NiFe-LDH to 
active p-type γ-NiFe-LDH on the surface and form p-n junction.  
The formed p-n junction in NiFe-LDH would regulate OER 
kinetics due to rapid electron transfer at the interface. The pres-
ence of oxygen vacancies not only accelerates the reconstruction 
reaction, but also reduces the potential required for reconstruction.

Similarly, the cationic vacancies in pre-catalysts can induce 
surface reconstruction and form more active species during the 
electrocatalytic process. For example, Zhou et  al. revealed that 
the cationic vacancy defects existing as VM (M = Ni/Fe) in NiFe-
LDH could induced the reconstruction of the surface crystalline 
Ni(OH)x to disordered status at low potential and then to local 
NiOOH species under relatively high voltage.[68] As shown in 
Figure  7e, the reconstruction of active species could be attrib-
uted to the evolution of cationic vacancy from VM to VMOH-H with 
increasing voltage. In addition, cationic vacancies can also lead 
to reduction in the formation energy of reconstructed species. 
Song et al. revealed that Ni vacancies could optimize the elec-
tronic property of Ni(OH)2,[69] promoting the formation of active 
γ-NiOOH species, in agreement with the enlarged oxidation peak 
of α-Ni(OH)2 in LSV curves as the concentration of Ni vacan-
cies increases (Figure 7f). Based on the density functional theory 
(DFT) calculation results, the higher content of Ni vacancies can 
induce distribution of partial charge density near the Fermi level 
and reduce the theoretical formation energy of reconstructed 
γ-NiOOH (Figure 7g) In conclusion, introducing vacancies (both 
cationic and anionic) in pre-catalysts can enhance the electro-
chemical activity through structural optimization, thus reducing 
the energy barrier for formation of reconstructed species.

The transformation of crystalline materials into an amor-
phous phase proves to be an effective method to improve the 
degree of defects in the pre-catalysts. The amorphous elec-
trocatalysts possess the advantages of abundant active sites, 
unsaturated electronic configuration, and structural flexibility, 
which accelerate the adsorption of reaction intermediates and 
promote the electron transfer between metal sites and inter-
mediates, thus enabling the rapid reconstruction of the pre-
catalysts into active species.[71] Yu et al. observed the rapid 
reconstruction occurring on the amorphous NiFeMo oxides 
(a-NiFeMo).[70] Based on the in situ Raman spectra (Figure 7h) 
of a-NiFeMo and the crystalline counterpart (c-NiFeMo), the 
pair of peaks at 474 and 551 cm−1 are attributed to surface gen-
erated NiOOH at a low potential of 1.5 V, meanwhile the char-
acteristic peaks assigned to MoO3 vanished, suggesting the 
faster surface evolution of a-NiFeMo than that of c-NiFeMo, 
which remains the Mo-O structure at a high potential of 1.8 V. 
The amorphous structure tends to introduce more vacancies in 
pre-catalysts during the reconstruction process, which clarifies 
the origin of the promoted reconstruction and enhanced OER 
activity.

4.3. Partial Dissolution

Electrocatalysts containing electrochemically unstable spe-
cies (e.g., perovskites, metal phosphates, and fluorides) 
would undergo partial dissolution during the OER catalysis, 
which leads to the reconstruction. In most inorganic ABO3 
or AB(OH)6 perovskites, the A-site is occupied by alkaline-
earth metals and lanthanides, while the B-site is occupied 
by various transition metals (e.g., Ni, Co, and Ir).[72] During 
reconstruction process, A/B-site cationic leaching can induce 
the formation of unique active species on the surface, such as 
active hydroxyl groups and reactive oxygen ligands, thereby pro-
moting their OER activity.[73] Shao et al. selectively etched Sn off 
of NiSn(OH)6 perovskite hydroxide to build a Ni3+-containing 
amorphous layer on the surface,[74] which facilitates the for-
mation of active metal oxy(hydroxide) species during the OER 
process. Tileli et al. synthesized Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) 
with Co/Fe-rich surface and revealed that the CoFe spinel-like 
surface was converted into highly active Co(Fe)OOH phase,[75] 
resulting in enhanced OER electrocatalytic properties. The cati-
onic composition of perovskite can significantly influence the 
catalytic activity of the reconstructed species. Markovic et al. 
demonstrated that the content of A-site Sr2+ in La1−xSrxCoO3 
was closely related to the OER activity of formed Co hydr(oxy)
oxide (CoOxHy) after surface reconstruction.[76] It was revealed 
that the generation of more oxygen vacancies in the surface 
active layer was promoted with the increased Sr doping level in 
A-site, which induced the enhancement of OER performance. 
Promoting the reconstruction of perovskites is beneficial 
for the formation of more active species to improve the OER 
catalytic performance. Yan et al. proposed a proton-assisted 
reconstruction to yield highly active reconstructed species.[77] 
As illustrated in Figure 8a,b, the A-site cation segregates in 
typical perovskite oxides including BSCF, La0.6Sr0.4Co0.8Fe0.2O3 
(LSCF), and La0.75Sr0.25MnO3 (LSM) would be dissolved selec-
tively in an acidic aqueous solution, resulting in the formation 
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of spinel oxides on the surface with more active sites exposed. 
Meanwhile, the protonation via the interaction of oxygen vacan-
cies and H2O molecules leaded to the formation of protonic 
defects and the lattice expansion of the perovskite, resulting in 
fraction of big particles and generation of small nanoparticles. 
The reconstructed species exhibited enhanced OER activity as 
well as excellent stability.

Of note, the surface reconstruction of Ir-based perov-
skites for acidic OER catalysis have been widely explored. For 
instance, Kim et al. synthesized Ir oxide black through selec-
tive etching of Os oxide in IrOsOx-B.[80] The activated catalyst 
with large electrochemical active area brings about signifi-
cantly enhanced OER activity and superior stability. Grimaud 
et al. revealed the dissolution and precipitation equilibriums 

Figure 8.  a) Evolution of perovskite oxides by a proton-assisted method. b) Schematic hydration and dissolution of perovskite oxides result in lattice 
expansion and structural fracture. Reproduced with permission.[77] Copyright 2021, American Chemical Society. c) Schematic dissolution and precipi-
tation equilibriums on the surface of Ir-based perovskites. Reproduced with permission.[78] Copyright 2019, Wiley-VCH. d) Energy diagrams of the 
dissolution of A-site (Sr) from the subsurface of SrSc0.5Ir0.5O3 without (top) and with (bottom) a B-site (Sc) vacancy. Reproduced with permission.[79] 
Copyright 2021, AAAS.
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on the surface of Ir-based perovskites during the CV activation 
(Figure 8c).[78] The deposited IrOx·mH2O layer onto the surface 
of the catalyst is strongly correlated with the OER activity. The 
properties of the initial bulk phase can greatly affect the recon-
struction of Ir-based perovskite and the formation of actual 
surface active species, including the increase of active sites, the 
formation and catalytic activity of reactive species as well as the 
loss of active sites.[81] Xu et al. studied the role of metal leaching 
at each geometric site of Ir-based perovskites in reconstruction 
process.[79] As displayed in Figure 8d, the activation energy (Ea) 
for the migration of a lattice Sr from the SrSc0.5Ir0.5O3 without 
B-site (Sc) defects to the outer electrolyte was higher than that 
of SrSc0.5Ir0.5O3 with B-site defects, indicating that the thermo-
dynamic stability of B-site cations possessed significant influ-
ence on kinetics barriers for reconstruction process. Hence, the 
order of leaching of A- and B-site cations can be tuned by tai-
loring the thermodynamic stability of B-site cations. They also 
found that the dissolution of Sr at A-site mainly enlarged elec-
trochemical surface area for the OER, while additional leaching 
of Sc from B-site induced the formation of a honeycomb-like 
IrOxHy phase with high intrinsic activity. The effect of cati-
onic composition on the reconstruction of Ir-based perovskites 
was also confirmed by Xu et  al.[82] They introduced cobalt cat-
ions to replace Ir sites in cubic SrCo0.9Ir0.1O3-δ perovskite and 
found that the Sr and Co leaching contributed to the thicker 
reconstructed layers and more oxygen vacancies in the formed 
IrOxHy phase compared with monoclinic SrIrO3 perovskite, 
thus resulting in enhanced OER activity. However, severe metal 
dissolution and surface structural reconstruction during OER 
would lead to structural collapse and loss of active sites. To 
solve this problem, Zou et al. synthesized an ultra-thin SrIrO3 
perovskite with exposed (001) facets by template-confined 
growth method. The high stability of (001) facets inhibited the 
excessive dissolution of Sr and Ir,[83] enabling excellent struc-
tural stability during acidic OER process. In order to design 
perovskite oxides as pre-catalysts with predictable and control-
lable reconstruction behavior, it is necessary to further explore 
the fundamental relationship of the composition and structure 
of the initial bulk phase and the surface evolution process.

For other non-perovskite catalysts, the reconstruction of 
pre-catalysts can be also triggered by partial dissolution of less 
stable components under electrochemical conditions,[49,62,84] 
enabling more metal atoms in pre-catalysts to be exposed or 
converted into catalytically active sites at low overpotentials. 
For example, Zhang et al. demonstrated that partial dissolution 
of Fe metal atoms in FeNi alloy fiber paper exposes more Ni 
atoms under electrochemical oxidation,[36] which can be further 
oxidized by the residual Fe3+ ions to form an active NiFeOOH 
layer. The presence of Fe in the oxyhydroxide layer on Ni0.6Fe0.4 
alloy paper can elongate the bond length of Ni-O, which contrib-
utes to reducing the energy barrier for dissociation of oxygen-
containing intermediates on active sites. Li et al. prepared a 
unique glass-ceramic catalyst (Ni1.5Sn@triMPO4) by coupling 
crystalline Ni1.5Sn nanoparticles with ternary NiFeSn phosphate 
(triMPO4) and found easier dissolution of Sn4+ from Ni1.5Sn@
triMPO4 that facilitates the surface reconstruction during elec-
trochemical activation,[85] leading to the formation of NiFeOOH 
with rich defects (Figure 9a). The rapid structural evolution 
may be assigned to the lower vacancy formation energy of Sn4+ 

in Ni1.5Sn@triMPO4 compared with that in triMPO4, meaning 
that Sn4+ can be dissolve easily from glass-ceramic structure 
to expose Ni and Fe species to the electrolyte for further oxi-
dation. Besides, the highest adsorption energy of PO4

3− on 
oxygen vacancy sites also plays a crucial role in accelerating the 
surface reconstruction. The active NiOOH layer with intrinsic 
oxygen vacancy and remaining PO4

3− formed on the surface 
of Ni1.5Sn@triMPO4 accounts for the higher OER activity. Li’s 
group reported that the Ni(Fe)OxFy nanosheets (F-NiFe) pre-
pared by fluorination-enabled reconstruction of NiFe metal 
nanoparticles (NiFe) could be transformed into Fe-enriched 
Ni(Fe)OxHy through in situ electrochemical activation.[86] The 
F dopants can accelerate the formation of reconstructed Ni(Fe)
OxHy because the fluorine is easily leached off. As shown in 
Figure 9b, the OER currents and Ni redox peak area of F-NiFe 
increase more rapidly than NiFe upon continuous activation 
cycles. The surface evolution of the two NiFe-based pre-catalysts 
was investigated by operando Raman analysis (Figure  9c), 
which shows that the peak intensity of F-NiFe is higher than 
that of NiFe at the same reaction time. Besides, the F-NiFe after 
activation (F-NiFe-A) possesses a thicker reconstructed layer 
than NiFe-A due to F dopants’ modification. These results vali-
date that the F dopants introduced by fluorination can signifi-
cantly enhance the degree of in situ surface reconstruction of 
Ni(Fe)OxFy in electrochemical activation. Furthermore, the deep 
surface reconstructed layers account for the increased OER 
activity as well. Hence, doping pre-catalysts with soluble spe-
cies is an effective way to promote the reconstruction process 
through partial dissolution.

It can be observed in perovskites as discussed earlier that 
the partial dissolution of pre-catalysts during the reconstruction 
process would also introduce oxygen vacancies to the newly 
formed species,[77,82] resulting in enhanced catalytic activity. The 
phenomenon also exists in other non-perovskite catalysts. Chen 
et al. presented a novel method to facilitate the surface recon-
struction of amorphous FeB via W-P co-doping to optimize the 
alkaline OER activity.[90] During the OER process, the formation 
of W-doped iron oxyhydroxides (W-FeOOH) on the surface of 
catalysts is accelerated by the etching of B and P components, 
leading to the exposure of abundant coordinatively active sites. 
The dissolution of B and P also resulted in more oxygen vacan-
cies that tune the surface electron properties of reconstructed 
W-FeOOH. In addition, the promoting surface construction of 
CoCr2O4 can be achieved via the leaching of Cr accompanied 
by the depletion of lattice oxygen.[87] The O 1s XPS characteri-
zations (Figure 9d) indicate the consumption of lattice oxygen 
during the OER process due to the formation and dissolution 
of (CrO4)2− at high potentials, which creates oxygen vacancies 
that further accelerate the oxidation of Co species, in agreement 
with the positive shift of Co K-edge XANES spectra (Figure 9e). 
The Co K-edge FT-EXAFS spectra confirm the formation of 
CoO6 octahedra on the surface. As shown in the scheme of 
surface evolution in pristine CoCr2O4 (pri-CoCr2O4) during 
surface oxidation (Figure  9f), the Cr leaching would start at 
a low potential accompanied with the transition of Cr3+/Cr4+, 
and then get oxidized to (CrO4)2− with the loss of lattice oxygen. 
This would induce the transformation of tetrahedral Co cation 
(Co2+

Td) into octahedral Co (Co3+/4+
Oh) through a non-concerted 

proton-electron transfer, and the construction of amorphous 
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oxyhydroxide layer with a large number of oxygen vacan-
cies in the CoCr2O4 after activation (act-CoCr2O4). Fan et  al. 
proposed an effective method to modify oxygen vacancies in 
reconstructed CoOOH by selectively etching vanadium oxides 
(VOy) in Co2(OH)3Cl/VOy through CV treatment to eliminate 
some O atoms near Co sites.[88] As illustrated in Figure 9g, the 
formed CoOOH layer with high content of oxygen vacancies is 
transformed into a disordered structure, resulting in abundant 
Co active sites exposed for better OER activity. The content of 
oxygen vacancies in reconstructed CoOOH has been demon-
strated to be positively correlated with the introduced content of 
VOy in pre-catalysts. Reasonable content of oxygen vacancies is 
favorable for enhancement in OER activity of obtained CoOOH.

In a particular situation, the leaching of components in 
catalysts induced by reconstruction will cause the migration of 
cations and form active layer on the surface. Jiang et al. dem-
onstrated that the Fe in the inner shell of Cu@Fe@Ni three-
layer heterostructure would migrate into Ni shell to generate 
Fe-doped NiOOH active species during the reconstruction pro-
cess.[91] Huang et al. revealed the dynamic migration process of 
Ni in IrNi2 nanoparticles during electrochemical oxidation in 

acidic and alkaline solutions.[89] As shown in Figure 9h, the Ni 
atoms migrate from the inner structure to the surface, where 
they are oxidized to Ni oxides during the alkaline OER process. 
In acidic conditions, the presence of H+ would facilitate the Ni 
migration and lead to the dissolution of Ni species, resulting 
in the formation of Ir framework containing a few Ni dopants. 
Subsequent electrochemical tests showed that the structural 
evolution of IrNi2 induced by Ni migration enhances both the 
acidic and alkaline OER performance.

In addition, partial dissolution of atoms in pre-catalysts can 
introduce relevant heteroatoms into active species, forming a 
highly amorphous active layer with a well-modulated electronic 
structure and abundant defects. For example, in situ surface 
reconstruction of Ni5P4 pre-catalyst rendered P-doping NiO 
with high electrocatalytic activity.[92] After OER catalysis, a small 
amount of P-O existed in the reconstructed NiO shell, although 
most of P are oxidized and leached into electrolyte. The doping 
of P in newly formed NiO can effectively lower the d-band posi-
tion, suggesting reduced binding strength of OER intermedi-
ates. Similarly, Zhao et al. reported an active V-doped NiOOH 
with a highly disordered structure obtained by partial etching 

Figure 9.  a) Synthetic process of Ni1.5Sn@triMPO4 followed by surface reconstruction. Reproduced with permission.[85] Copyright 2021, Wiley-VCH. 
b) CV curves of F-NiFe and NiFe electrocatalysts collected at different CV activation cycles (inset: percentage of leached F− in the total amount of F 
in F-NiFe). c) In situ Raman spectra of F-NiFe and NiFe electrocatalysts. Reproduced with permission.[86] Copyright 2021, American Chemical Society. 
d) O 1s XPS and e) Co K-edge XANES spectra of pri-CoCr2O4 and CoCr2O4 activated at a different potential. f) Schematic reconstruction of CoCr2O4. 
Reproduced with permission.[87] Copyright 2021, Wiley-VCH. g) Schematic structural evolution for Co2(OH)3Cl/VOy during reconstruction. Reproduced 
with permission.[88] Copyright 2020, Wiley-VCH. h) The schematic reconstruction process of IrNix nanoparticles along with the promoted effect on OER 
activity in acidic and alkaline solution. Reproduced with permission.[89] Copyright 2018, American Chemical Society.
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of V in V-doped Ni2P pre-catalysts under electrochemical 
oxidation.[93] The V dopants could lower Ni valence state and 
optimize the local bonding environment of V-Ni2P/NF-AC, con-
tributing to higher OER performance.

In conclusion, the partial dissolution of pre-catalysts during 
electrochemical reconstruction affects the surface restruc-
turation behavior and catalytic activity of newly formed spe-
cies. Therefore, electrochemically unstable components can 
be appropriately introduced into pre-catalysts to achieve the 
effective reconstruction. However, the ion leaching might also 
destroy the crystal structure of electrocatalysts, especially in 
alkaline OER environments. Ensuring the stability of crystal 
matrix structure while triggering ion leaching has become a hot 
research topic.

4.4. Ionic Doping

The incorporation of ions into the pre-catalysts can opti-
mize the electronic structure and regulate dynamic restruc-
turing of pre-catalysts.[94] Reconstruction of pre-catalysts can 
be induced by metal or non-metal heteroatom doping, which 
can trigger the reorganization of the atomic arrangement.[62,95] 
For example, Wang et al. prepared Ru-RuPx-CoxP with pro-
moted OER performance via the surface reconstruction of Co2P 
induced by the in situ doping of Ru.[96] The in situ doping of 
Ru into CoxP can decrease the Gibbs free energy for the transi-
tion of O* to OOH* and increase the projected density of states 
on the active sites of catalysts in the catalytic reaction. Incor-
poration of heteroatoms into pre-catalysts can also enhance 
the intrinsic conductivity and regulate the electronic structure 

of reactive species, offering favorable triggering condition for 
surface reconstruction. Not only that, the dopants remaining in 
reconstructed species also could enhance the catalytic activity. 
In particular, the strong electronegativity of F anions as dopants 
can form weak metal-fluorine chemical bonds, which are easily 
broken and transformed into F doping metal (oxy)hydroxides 
during the reconstruction process. The F dopants can also tune 
metal sites’ electronic structure and adsorption energy to boost 
catalytic activity.[97] Ma et al. reported a fluorination strategy of 
NiFe Prussian blue analogue (NiFe-PBAs) to replace CN− ligand 
with F− anions and the fluoride product (NiFe-PBAs-F) would 
be converted into F-doped NiFeOOH due to the migration of 
F during electrochemical reconstruction.[98] Similarly, Ju et al. 
revealed that the formation of F-doped CoOOH nanosheets 
could be promoted by F migration during electrochemical oxi-
dation of CoF2 nanowires.[99] The accumulation of F dopants 
on the surface enables the hydrophilic surface to accelerate the 
adsorption of oxygen-containing intermediates, thus boosting 
the OER performance.

Similarly, the chloride ion can also act as dopants to regulate 
the structure of the pre-catalyst, boosting the reconstruction 
reaction. Lim et al. doped chlorine into LiCo2O4 pre-catalyst 
(LiCoO1.8Cl0.2) to conduct fast phase transition into active amor-
phous oxyhydroxide, accompanied by cobalt electrochemical 
oxidation and Li+ leaching.[100] As shown in Figure 10a, the nor-
malized Co K-edge XANES spectra for LiCoO2-xClx shift to lower 
energy region as the Cl content increases, which demonstrates 
reduction of the valence state of Co due to the replacement 
of O2− with Cl−. The Co2+ in LiCoO1.8Cl0.2 would be oxidized 
to Co3+ at a lower positive potential, which could initiate the 
reconstruction of LiCoO1.8Cl0.2 below 1.4 V. For comparison, the 

Figure 10.  a) Co-K edge XANES spectra recorded at OCV (top) and their shift recorded at different potential for LiCoO2-xClx (x = 0, 0.1 or 0.2) (bottom). 
b) Schematic mechanism of delithium process for LiCoO1.8Cl0.2. Reproduced with permission.[100] Copyright 2021, Springer Nature. c) Cobalt valence 
state obtained at different potential and d) CV curves of CoFe0.25Al1.75O4 and CoAl2O4. Reproduced with permission.[101] Copyright 2019, Springer Nature. 
e) CV curves of La1-xCexNiO3 (x = 0, 0.05,0.1 and 0.15). f) Schematic surface reconstruction process of La1-xCexNiO3 to NiOOH. Reproduced with per-
mission.[102] Copyright 2021, Wiley-VCH. g) Ni and Fe K-edge XANES spectra for Ni1-xFexPS (x = 0.1, 0.15 or 0.2) before and after the OER. Reproduced 
with permission.[103] Copyright 2020, Royal Society of Chemistry.
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reconstruction of LiCoO2 started after 1.4 V due to the sole tran-
sition of Co3+/Co4+ during OER process. In addition, the early 
reconstruction induced by Cl dopants can initiate delithium at 
a lower positive potential. It can be noted in Figure  10b that 
LiCoO2-xClx is transformed into Cl-containing cobalt oxyhy-
droxide with superior OER activity at much lower delithium 
potentials, in sharp contrast to Cl-free LiCoO2, which is trans-
formed into less active Li1±xCo2O4.

Certain ions can initiate the surface reconstruction of pre-
catalysts at a lower potential for fast formation of active phase 
by modulating electronic structure or creating rich vacan-
cies. For example, Xu et al. revealed that the Fe dopants could 
facilitate surface reconstruction of CoAl2O4 at low poten-
tials.[101] Figure  10c shows a continuous increase in the cobalt 
valence based on in situ XANES spectra for CoFe0.25Al1.75O4 
in the range of 1.05–1.44  V. In comparison, the increment in 
cobalt valence for CoAl2O4 is observed only in 1.05–1.2  V and 
1.42–1.52  V regions, implying the positive effect of Fe substi-
tution on the cobalt oxidation. The cobalt pre-oxidation of 
CoFe0.25Al1.75O4 would be triggered at low potential with a clear 
anodic peak at 1.32 V (Figure 10d) due to the fast surface recon-
struction promoted by Fe substitution, while Co pre-oxidation 
of CoAl2O4 located at 1.41 V. In addition, the appropriate Fe sub-
stitution would upshift the O 2p level to be close to the Fermi 
level, which contributes to the lattice oxygen oxidation for OER 
occurring at low potential. In addition, Sun et al. disclosed 
that the Ce doping in perovskite LaNiO3 could significantly 
reduce the required potential for reconstruction of Ni sites 
(Figure  10e).[102] Furthermore, the reconstruction onset poten-
tial of La1-xCexNiO3 gradually decreases with the increasing of 
Ce content. The Ce dopants can upshift the Ni 3d and O 2p 
band center, which is conducive to the appearance of oxygen 
vacancies in La1-xCexNiO3. As displayed in Figure 10f, the abun-
dant oxygen vacancies formed by Ce doping would facilitate the 
surface reconstruction and formation of active phase, which 
could explain the superior OER performance of La1-xCexNiO3.

The dopants can facilitate electron transfer between atoms 
and regulate the electronic distribution in pre-catalysts, which 
would change the valence state of metal sites and exert a sig-
nificant influence on the reconstruction kinetics. Zeng et al. 
have found that the regulation of P dopants in Co(SeP)2 would 
reduce cobalt valence states,[104] which remarkably regulates the 
restructuring kinetics for accelerating the nucleophilic reaction 
with OH− to create more CoOOH. The P substitution was found 
to increase the ratio of Co3+/Co2+ in Co(SeP)2 after electro-
chemical activation, indicating that the P dopants promote the 
formation of CoOOH. Similarly, the higher content of P could 
also motivate the generation of oxygen vacancies, which benefit 
the adsorption and dissociation of H2O. Certain dopants can 
not only promote the reconstruction process but also enhance 
the catalytic activity of the newly formed species.[105] Peng et al. 
found that moderate Fe doping in NiPS could modify the oxida-
tion state of Ni to improve catalytic efficiency after the surface 
reconstruction.[103] As shown in the Ni K-edge XANES spectra 
(Figure 10g), the Ni on the surface of Ni0.85Fe0.15PS exhibits the 
lowest oxidization state due to the electron transfer from Fe to 
Ni, in accordance with the positive shift of Ni0.85Fe0.15PS in Fe 
K-edge XANES spectra. In addition, the highest valence state 
of Ni and Fe also could be observed in Ni0.85Fe0.15PS after OER, 

suggesting that the appropriate Fe regulation is beneficial to the 
formation of metal oxyhydroxide with high valence state, which 
can increase the adsorption strengths for oxygen-containing 
intermediates during OER. Sun et al. revealed that Mo substi-
tution can serve as electron donor to stabilize metastable hex-
agonal close-packed metallic cobalt phase in polymorphic cobalt 
oxides,[106] which would undergo fast surface reconstruction to 
generate stabilized Co3+/Co2+ active centers accompanied by 
excellent catalysis (onset overpotential of 210  mV and overpo-
tential at 10 mA cm−2 of 290 mV), proving key role of surface 
reconstruction kinetics in electrochemical catalytic activity. As 
a result, the reconstruction behavior is correlated to the struc-
tural properties of the pre-catalysts, which can be optimized by 
ionic doping.

4.5. Heterostructure Construction

Improving structural property through designing heterostruc-
ture by the combination of two or more dissimilar materials 
to achieve mutual advantages has also been regarded as an 
effective strategy to boost the reconstruction process.[107] The 
new component introduced in heterostructure can support the 
reconstruction of pre-catalysts to form abundant active spe-
cies for raised catalytic performance. For example, Hou et al. 
revealed that coupling of Ir clusters with amorphous CoNiB 
induced the formation of high-valence cobalt species on the 
surface.[108] The Ir–O–Co bridges between iridium and the 
formed oxyhydroxides allowed effective proton-electron transfer 
to trigger multiple active sites for high intrinsic OER activity. 
Yan et al. synthesized BaIrO3 covered with highly active 1 nm 
IrOx particles (IrOx/ BaIrO3) by solution calcination followed by 
treatment using strong acids.[109] As shown in the high-angle 
annular dark field scanning TEM (HAADF-STEM) images 
(Figure 11a), the IrOx nanoparticles on the surface were evolved 
into thicker amorphous layer during the acidic OER, while the 
9R-BaIrO3 layer with face-sharing IrO6 trimer structure was 
transformed into IrO6 octahedron structures accompanied with 
Ba leaching. In addition, the shift of Ir 4f7/2 peak in Ir 4f XPS 
(Figure  11b) spectra indicating that the Ir4+ species existed in 
the initially formed amorphous layer after 50 cycles and evolved 
into Ir5+ species after 5000 cycles, while the O K-edge XANES 
spectra confirmed the existence of Ir–O covalency in formed 
amorphous layer. These results suggested that the initial IrOx 
nanoparticles/BaIrO3 heterostructure was transformed into 
amorphous Ir4+OxHy/IrO6 octahedrons and then to amorphous 
Ir5+Ox/IrO6 octahedrons on the surface, which was responsible 
for the excellent acidic OER activity.

The interfaces of heterostructure could accelerate the electron 
transfer due to the difference in electronegativity between two 
components, effectively modulating active species’ electronic 
structure.[113] Therefore, the reactive species can be supported 
by counterparts with high electrical conductivity to tune its 
electron distribution and facilitate the adsorption/desorption 
of intermediates on the surface, resulting in an enhancement 
in catalytic kinetics. Gao et al. reported pre-catalysts based on 
the core-shell Ni3N/Ni@Ni3N with excellent OER activity pre-
pared by thermal nitridation method.[114] In this heterostruc-
ture, the electrons flow from highly conductive Ni atoms to 
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Ni3N, which modifies the electron density on the surface to pro-
mote the surface reconstruction of Ni3N/Ni@Ni3N, generating 
NiOOH layers and creating new heterostructures in the form of  
Ni@NiOOH and Ni3N@NiOOH with rich interface sites. The 
electrons flow from NiOOH to Ni3N, generating positively 

charged surface of NiOOH that favors the adsorption of OER inter-
mediates. In addition, rationally constructing the heterostruc-
ture with strong interfacial electronic interactions can modify  
the electronic structure of reactive species and expose more 
active sites in pre-catalysts to facilitate reconstruction during 

Figure 11.  a) Lattice-resolved HAADF-STEM images and b) Ir 4f XPS spectra (up) and O K-edge XANES spectra (bottom) of IrOx/BaIrO3 after different 
CV cycles. Reproduced with permission.[109] Copyright 2021, American Chemical Society. c) Schematic reconstruction process of Co-Mo2C to Mo-rich 
γ-CoOOH and TOF curves before and after reconstruction. d) Mo K-edge XANES spectra of Mo-foil, Mo2C, and Co-Mo2C. e) In situ Raman spectra of 
Co-Mo2C. Reproduced with permission.[110] Copyright 2020, American Chemical Society. f) CV curves of Co3O4 and Co3O4/CeO2. g) Co K-edge XANES 
and h) Co K-edge EXAFS spectra of Co3O4 and Co3O4/CeO2 before and after the OER. Reproduced with permission.[111] Copyright 2021, Springer Nature. 
i) In situ Raman spectra of SC8F2 and SC8F5. Reproduced with permission.[112] Copyright 2021, American Chemical Society.
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the catalytic reaction. Guo et al. demonstrated the positive 
effect of interfacial electronic features on surface construction 
for CoFe2O4 coupling with Co3(PO4)2 (CoPi).[115] The electron 
transfer from CoFe2O4 to CoPi leaves holes in CoFe2O4-CoPi 
heterostructure with increased density of state near EF. The 
change in electron distribution could benefit the transforma-
tion of Co sites combined with adsorbed OH− into Co oxyhy-
droxide. Kou et al. synthesized a Co-based heterostructure 
composed of Co metal and Mo2C components (Co-Mo2C), 
which could undergo a fast transformation of metallic Co into 
γ-CoOOH and doping of Mo into γ-CoOOH during the OER, for 
increasing turnover frequency (TOF) (Figure  11c).[110] The Mo 
K-edge XANES spectrum of Co-Mo2C presents an adsorption 
edge energy lower than that of Mo2C (Figure  11d), indicating 
electron transfer from Co to Mo2C in the heterostructure, which 
would reduce required energy for the formation of γ-CoOOH. 
The in situ Raman spectroscopy was performed to observe the 
phase transition and Mo-enriched surface reconstruction. As 
shown in Figure 11e, the board band assigned to γ-CoOOH in 
Raman spectra appears at 1.4  V and further strengthens with 
the potential increase. The strong π-donation is the dominant 
interaction between O2− and Co3+ in the presence of e−–e− 
repulsion connecting Mo4+ and bridging O2− in reconstructed 
Mo-doped γ-CoOOH, which increases the electron density 
of Co species and reduces the free energy for desorption of 
oxygen-containing intermediates on Co sites. In conclusion, the 
construction of heterostructure in pre-catalysts remarkably pro-
mote the electron transfer for reconstruction reaction and thus 
the OER catalysis.

The local bonding environment surrounding the metal center 
in catalysts can be regulated by interface effect, facilitating con-
version of active species during surface reconstruction. Huang 
et al. coupled Co3O4 with CeO2 to form Co3O4/CeO2 hetero-
structure for acidic OER and found that the redox properties 
of Co3O4/CeO2 are changed in the presence of CeO2.[111] As 
shown in Figure 11f, there is no redox peak attributed to transi-
tion of dimeric Co(III)Co(IV) to Co(IV)Co(IV) in the CV curve 
of Co3O4/CeO2 at high potential, implying the fast formation 
of Co(IV) active species without combination with each other 
to form dimeric Co(IV)Co(IV). As displayed in Figure 11g, the 
negative shift of Co K-edge XANES spectra of Co3O4 after cou-
pling with CeO2 indicates increased Co oxidation valence in het-
erostructure owing to the electron transfer from Co3O4 to CeO2. 
Importantly, the variations of local bonding for Co3O4/CeO2  
can be reflected by the Co K-edge EXAFS (Figure  11h), which 
exhibits shorter bonds of Co-O and Co-Cooct (octahedral Co 
cation) and longer bonds of Co-Cotet (tetrahedral Co cation) in 
Co3O4/CeO2, suggesting electronic redistribution induced by 
CeO2. The modified local bonding environment via the intro-
duction of CeO2 can initiate the translation of Co sites to Co 
(IV) at a lower potential, thereby avoiding the charge accumula-
tion under the OER process at large potential, which enables 
rich active Co (IV) with enhanced catalytic activity.

It should be noted that uncontrolled reconstruction may 
lead to the excessive dissolution of metallic cations and col-
lapsed structure of pre-catalyst, resulting in decreased activity 
and poor stability. Fortunately, the ruinous effect of reconstruc-
tion could be restrained by the introduction of robust compo-
nents as a stable phase to interact with the active phase. Yi et al. 

reported the SrCo0.8Fe0.5-xO3-δ/FexOy (SC8F5) heterostructure 
by segregating FexOy phase from single-phase SrCo0.8Fe0.5O3-δ 
via a thermal-induced phase-segregation method.[112] After 
coupling with FexOy, the SC8F5 exhibits higher stability than 
SrCoO3-δ(SC) and SrCo0.8Fe0.2O3-δ (SC8F2) during the long-
term OER process due to the slight leaching of Sr in the pres-
ence of FexOy. Besides, the in situ Raman spectra show that 
the peak corresponding to reconstructed CoFe oxyhydroxide 
on the surface of SC8F5 is much weaker than that of SC8F2 
after 500 cycles (Figure 11i), suggesting low-degree reconstruc-
tion for SC8F5 due to the Sr leaching mitigated by segregated 
FexOy phase. Similarly, Vojvodic et al. confirmed that the rapid 
leaching of SrRuO3 (SRO) under OER conditions can be sup-
pressed by inserting SRO cell beneath a SrTiO3 (STO) cap-
ping layer.[116] The one-unit cell composed of SRO beneath two 
layers of STO exhibits superior durability as the Ru sites in the 
internal structure are not directly combined with the oxygen-
containing intermediates. In addition, the introduction of SRO 
also could motivate STO to exhibit high OER activity due to the 
upshifted energy level of electrons, suggesting the synergistic 
effect in the heterostructure. These examples confirm that the 
reconstruction behavior of pre-catalysts can be regulated by 
construction of heterostructure.

In conclusion, the electronic properties and distribution of 
active species in heterostructure could be turned by interface 
effect, which is beneficial to promoting the reconstruction 
during the catalytic reaction. Thus, exploring the effect of inter-
face on reconstruction during reaction conditions would be of 
great research significance.

4.6. Deep Reconstruction

According to the points discussed above, it is evident that 
an amorphous shell can be formed on the surface of the pre-
catalysts during surface reconstruction, which can act as the 
crucial species for enhanced OER performance. However, the 
structure transformation only occurs on the surface of the elec-
trocatalyst, resulting in inadequate utilization of internal compo-
nents, restricted electrochemical active area, and limited mass 
transfer process.[6a] Therefore, promoting the reconstruction 
process and maximizing the generation of active species would 
be the crucial key to significantly enhancing the utilization rate 
and specific activity of pre-catalyst components. Furthermore, 
the reconstruction degree is closely related to material proper-
ties, structural modification, and reaction conditions.

The pre-catalysts consisting of etchable species, such as 
metal-organic frameworks (MOFs),[117] metal phosphide,[118] 
and molybdate,[119] could easier undergo complete reconstruc-
tion under certain reaction conditions. For example, Huang 
et al. revealed the real active species for superior OER activity 
in the hybrid Ni-MOF@Fe-MOF.[120] It was confirmed that the 
Ni-MOF@Fe-MOF undergoes complete transformation into 
the complex species composed of NiO, NiOOH, and Fe2O3, 
which acted as active species for the OER. Lee et al. further dis-
cussed the effect of applied potential range on reconstructing 
zeolitic imidazolate framework-67 (ZIF-67).[121] As shown in 
Figure 12a, the applied potential window could impact the Co 
species’ oxidation path and morphological evolution during CV 
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activation. As the potential range extended to 0.6 V, the ZIF-67 
would be converted thoroughly into CoOOH structure with rich 
pores caused by the release of oxygen. Fischer et al. found that 
NiFe surface-mounted metal–organic frameworks (SURMOFs) 
could undergo specific in situ reconstruction and self-activation 
process induced by a partial leaching of the deprotonated tere-
phthalic acid linkers,[122] forming heterostructured NiFe (oxy)
hydroxide with optimized OER activity. In particular, intro-
duction of phosphate groups is more conducive to deepening 
the reconstruction degree. Liu et al. synthesized CoFe(H3O)
(PO4)2 nanosheets by in situ electrochemical oxidizing CoP 
nanosheets in (NH4)Fe2(SO4)2 electrolyte,[123] which could be 
converted to Co0.5Fe0.5OOH through deep self-reconstruction 
companied with oxidation of Co2+ and leaching of phosphate 
anions. The high content of Fe in reconstructed species could 
form Fe3+–O–Fe3+ motifs to enhance the OER activity.

The complete reconstruction of metal derivates can be 
easily induced assisted by structural regulation. Recently, Qiu 
et al. found that the Co0.8Fe0.2P@C could be completely con-
verted into highly active Co0.8Fe0.2OOH@C through deep 
construction accompanied by phosphorous leaching under 

OER condition.[43] Figure 12b exhibits the gradual decline of the 
applied overpotential for OER along with the entire reconstruc-
tion of Co0.8Fe0.2P@C nanosheets into Co0.8Fe0.2OOH@C fol-
lowing the electrochemical oxidation. Moreover, the reduction 
of phosphorus atomic content to 1.96 at% suggests the almost 
complete construction. In stark contrast, the reconstruction of 
crystal CoFe-LDH as a precursor is only limited on the surface. 
In addition, Selomulya et al. fabricated the core-shell catalyst 
in which NiFe/NiFeOx nanoparticles are embedded in N-dope 
carbon coated on the NiMoO4 nanorods (NiMoFeO@NC) via 
pyrolysis of NiMoO4@PBA,[126] which could enable its com-
plete reconstruction during the OER process. This conversion 
strategy can create rich voids and defects in NiMoFeO@NC so 
that the electrolytes can easily permeate into inner pre-catalysts, 
resulting in rapid dissolution of MoO4

2− and incorporation of 
Fe in the active layer to form NiFeOOH/NiFe-LDH species. 
In addition, the presence of NC can accelerate the electron 
transfer between active species and oxygen-containing interme-
diates for OER, which would achieve remarkable enhancement 
in OER activity. Based on the above demonstrations, it can be 
summarized that the reconstruction degree can be deepened 

Figure 12.  a) The SEM images of ZIF-67 collected at 15 and 100 cycles and corresponding schematic reconstruction process during the different 
potential range. Reproduced with permission.[121] Copyright 2020, American Chemical Society. b) Chronopotentiometry curve at 100  mA cm−2 and 
P content of Co0.8Fe0.2OOH@C at different electrochemical oxidation time (inset: the corresponding SEM and TEM images). Reproduced with permis-
sion.[43] Copyright 2020, Wiley-VCH. c) Schematic reconstruction process and corresponding crystal evolution of NiMoO4∙H2O. d) HRTEM image of 
NiMoO4∙H2O after complete reconstruction. e) In situ Raman spectra of NiMoO4∙H2O (left) and NiMoO4 (right). Reproduced with permission.[124] 
Copyright 2020, Elsevier. f) Crystal structures and g) HRTEM images of c-LNFBPO and a-LNFBPO after reconstruction. Reproduced with permission.[125] 
Copyright 2021, Wiley-VCH.
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by facilitating the dissolution of unstable components in pre-
catalysts under reaction conditions.

In addition, the rapid co-leaching of multicomponents in pre-
catalysts could loosen the electrocatalyst surface, which is con-
ducive to electrolyte penetration and further etching of inner 
species. For example, Mai et al. recently found that the introduc-
tion of 2-methylimidazole (2-mim) into NiFe polyoxomolybdate 
(FexNi-POMo) would induce the complete construction under 
OER conditions.[127] The deep reconstruction degree originates 
from the low-crystalline and porous features of FexNi-POMo, 
which could facilitate the co-leaching of MoO4

2− and 2-mim 
ligands and promote the formation of active NiOOH species 
for OER. The group also reported the complete reconstruction 
of NiMoO4·xH2O induced by the co-dissolution of MoO4

2− and 
crystal water. During the electrochemical oxidation process,[124] 
the amorphous NiOOH layer is gradually formed on the sur-
face of NiMoO4·xH2O, which results in a loose surface struc-
ture that further allows the penetration of alkali electrolyte into 
the inner structure and thereby facilitates the continuous co-
leaching of MoO4

2− and crystal water, eventually leading to the 
complete reconstruction of NiMoO4·xH2O within 20 CV cycles 
(Figure  12c). The HRTEM images (Figure  12d) reveal that the 
reconstructed species are composed of ultrafine nanoparticles 
connected with each other, generating rich interfacial pores. 
The reconstruction process can be reflected by in situ Raman 
analysis. As displayed in Figure  12e, the peaks assigned to 
MoO4

2− vibration and Mo-O-Ni stretching decay dramatically 
as the applied potential increases during the initial stage of 
electrochemical oxidation, and then the peaks of NiOOH spe-
cies appear at large potentials. In contrast, the Raman peaks of 
NiMoO4 are always observable in the Raman spectra of NiMoO4 
during the whole reaction process. These results indicate that 
the co-leaching of MoO4

2− and crystal water plays a critical role 
in rapid and deep reconstruction of NiMoO4·xH2O. The slow 
reconstruction of NiMoO4 could be because that the active layer 
formed on the NiMoO4 is too dense that hinders further elec-
trolyte penetration. In addition, the complete reconstruction of 
NiMoO4 could be achieved under alkaline water electrolysis at 
industrial operating temperatures of 51.9 °C,[128] suggesting that 
the dissolution of MoO4

2− is influenced by temperature.
The complete reconstruction is more likely to occur on the 

catalysts with large surface area, bringing more species exposed 
to the solution that allow further transition. Mai et al. adopted 
the lithiation method to reduce the size of NiO nanoparticles, 
which would enlarge the surface area and expose more species 
to the electrolyte, resulting in deep reconstruction into NiOOH 
nanosheets under electrochemical oxidation.[129] For compar-
ison, the reconstruction of pure Ni particles with sizes of 100–
400 nm only occurs on the surface and forms Ni@NiOOH due 
to the limited contact area. The rich NiOOH active sites and 
defects obtained by deep reconstruction performed more excel-
lent mass activity than Ni@NiOOH. Besides, amorphization 
of catalysts is also an effective method to improve the contact 
area of the pre-catalyst. Compared with crystalline catalysts, the 
rich defects and disordered arrangement caused by amorphiza-
tion facilitate the penetration of the electrolyte into the inner 
layer of the pre-catalysts and consequently promote the recon-
struction degree. For example, Shao et al. converted crystal-
line SrCo0.85Fe0.1P0.05O3-δ (SCFP) into amorphous SCFP under 

high-energy argon plasma.[130] The amorphous SCFP under-
goes rapid reconstruction in <2 min due to fast breakage of the 
weak chemical bonds. Similarly, Song et al. achieved complete 
reconstruction of LiNiFe boron phosphate (a-LNFBPO) during 
the OER process by the amorphization method,[125] in sharp 
contrast to the surface reconstruction of crystalline LiNiFe boro-
phosphate (c-LNFBPO) (Figure  12f). It can be found that the 
amorphization method could cause the shrinkage of metal–
oxygen bonds and increase the valence states of metal sites in 
a-LNFBPO, suggesting tuned electronic structure by amorphi-
zation could lower the required energy for the formation of 
active species. The TEM images (Figure 12g) show the existence 
of a reconstructed amorphous phase at both the surface and 
inside of a-LNFBPO, while the amorphous layer only formed 
on the surface of c-LNFBPO after activation. The amorphous 
structure enables easy diffusion of OH− into inside pre-catalysts 
for deep reconstruction and hosts abundant oxygen vacancies, 
facilitating the deprotonation of oxygen-containing interme-
diates on the electrocatalyst surface. Consequently, complete 
reconstruction exhibits excellent application foreground due 
to the advantages of maximum utilization and structural opti-
mization of active species. However, complete reconstruction 
could lead to the decrease in mechanical strength of catalysts 
and the loss of the synergistic effect. How to avoid these nega-
tive effects on catalytic performance remains to be explored.

5. Reconstruction Strategies for HER 
Electrocatalysts
Similar to OER electrocatalysts, some HER electrocatalysts also 
undergo reconstruction process to generate new active species 
or new structures. In this section, we will discuss some of the 
effective strategies to induce and further to promote the recon-
struction reaction of HER electrocatalysts.

5.1. Surface Activation

The electrochemical activation including electrochemical reduc-
tion and oxidation is an effective method to induce the recon-
struction of HER electrocatalysts. Recently, several reports have 
found that the metal substance in catalysts would be reduced 
to lower valence state species under negative potential condi-
tions. Wei et al. found that the Ni-S species on the surface of 
Ni3S2/FeNi2S4 would be reduced to metallic Ni0 species after 
CV activation.[131] Similarly, Zhao et al. revealed that the surface 
reconstruction of NiCoP pre-catalysts into metallic Ni and Co 
species for HER.[132] In addition, Sun et al. prepared Co0.5W0.5Sx 
as pre-catalyst and revealed the pH-dependent bulk and surface 
structural evolution during the HER.[133] They found that Co 
sulfide in the bulk partially transformed to CoO in neutral and 
alkaline electrolytes, while in acidic electrolyte the Co sulfide 
can remain initial state. Whereas the surface Co sulfides were 
reconstructed to CoO/Co(OH)2 in the full-pH electrolyte. Mean-
while, the W sulfides in the bulk were transformed to highly 
distorted WOx with a lower oxidation state of W in the full-pH 
electrolyte. WOx was formed at the surface during the HER in 
acidic and neutral electrolytes, while only WO4

2− was observed 
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in the alkaline electrolyte. This work suggests that the struc-
tural transformation of pre-catalysts during the HER is highly 
dependent on the properties of pre-catalysts and electrochem-
ical reaction conditions (e.g., pH).

The discovery of structural evolution during the HER would 
contribute to the synthesis of high-activity HER reconstructed 
catalysts. For example, Amal et al. presented the in situ elec-
trochemical reduction of the Co–Fe phosphate (Co-FePO) 
to Co–Fe (oxy)hydroxide layers on the surface by applying a 
reduction potential of −0.17 V versus RHE for 30 min in 1 m 
PBS.[134] As shown in Figure 13a,b, the yielded phosphate/
(oxy)hydroxide heterostructure (Co-FePO/OH) electrode 
exhibited enhanced HER activity in neutral solution. Xia et 
al. studied the HER activity of reconstructed Co(OH)x layer 
formed by surface activation of CoP using the galvanostatic 
method.[135] The formed Co(OH)x layer can promote the water 
dissolution and strengthen the absorption of H* on active 
sites of CoP, therefore enhancing the HER performance. 
Huang et al. reported the RhOOH/Rh interface, formed by 
the partial electrochemical reduction of RhOOH nanosheets 
(NSs), plays a vital role in the obtained superior HER perfor-
mance.[136] As shown in Figure  13c, the RhOOH was gradu-
ally reduced into metallic Rh with increased activation cycles 
up to 40 cycles, resulting in the enhancement of HER activity 
(Figure  13d). The transition of RhOOH into Rh can be con-
firmed by the increase in CO stripping peaks (Figure 13e) and 
Rh0 XPS peaks (Figure 13f). It can be noted that the best HER 
performance was achieved at 40 CV cycles due to the presence 
of a reasonable Rh/RhOOH interface, which can significantly 
decrease the water dissociation energy and adsorption energy 
of the H atoms on Rh sites.

The surface reconstruction of HER catalysts to achieve 
higher catalytic activity can be also achieved by electrochemical 
oxidation of the pre-catalysts. Mi et al. proposed an in situ elec-
trochemical transformation strategy to design Ni2P-CoOOH 
electrocatalytic system, where the CoOOH 2D nanosheets 
were decorated on Ni2P nanotube arrays.[138] The formation of 
CoOOH nanosheets on Ni2P can modify the distribution of 
local density of states induced by the electron transfer from 
Ni2P to CoOOH. As a result, the free Gibbs energy of H* 
adsorption on Ni2P-CoOOH is close to the thermodynamic 
neutral value, which ensures a high HER activity. These results 
are consistent with the conclusion that the interfacial charge 
transfer behavior can regulate the local electronic structure of 
the active sites and promote the dissociation of water molecules 
along with the desorption of hydrogen atoms. Electrochemical 
activation could modify the surface chemical properties of pre-
catalysts for enhanced HER activity, but the effect of electro-
chemical operation conditions (e.g., cycling number, applied 
potential range, or current density) on the reconstruction pro-
cess and HER activity of the reconstructed species is not thor-
oughly studied yet.

Plasma-assisted activation has opened another efficient 
avenue for promoting the HER catalytic activity of electrocata-
lysts. Under the physical plasma bombardment, light elements 
could be extracted from the materials. Cheng et al. reported 
that the Ar plasma treatment of MoSe2 can crease holes and 
vacancies and thus enhance the HER efficiency.[139] Similar 
to the electrochemical activation, the plasma activation can 
also modify the surface properties by introducing functional 
groups or generating new species but without changing the 
bulk properties of the catalysts. Chueh et al. applied gaseous 

Figure 13.  a) Schematic showing the evolution of Co-FePO through electrochemical reduction. b) LSV curves of Co-FePO before and after electro-
chemical activation. Reproduced with permission.[134] Copyright 2021, American Chemical Society. c) Structural evolution of RhOOH/C during the 
electrochemical activation. d) Overpotential at 10 mA cm−2 and the ratio of Rh/(RhOOH+Rh) as a function of the CV activation cycles. e) Rh 3d XPS 
spectra of RhOOH/C, RhOOH-OH/C, and Rh-OH/C. f) CO stripping curves of RhOOH/C at different CV activation cycles. Reproduced with permis-
sion.[136] Copyright 2020, Elsevier. g) Synthetic process of Mo2C-MoOx/CC. h) LSV curves of Mo2C-MoOx/CC (top) and Mo2C /CC (bottom) (inset: 
Raman spectra before and after CV activation). i) Models of various Mo oxide sites and corresponding adsorption free energy (ΔGH) of Hads on the 
surface sites. Reproduced with permission.[137] Copyright 2020, Wiley-VCH.
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selenium plasma to convert the Mo surface into MoSe2, 
resulting in a MoSe2/Mo core-shell nanostructure. The heter-
ostructure possessed a low onset potential of −89  mV versus 
RHE, which can be explained by the high density of exposed 
active sites and metallic conductivity of MoSe2 shell.[140] He et 
al. designed Mo2C-MoOx heterostructure grown on carbon 
cloth (Mo2C-MoOx/CC) by partial oxidation of Mo2C through 
oxygen plasma treatment as highly effective electrocatalysts for 
HER (Figure 13g).[137] As displayed in Figure 13h, the HER LSV 
curves of Mo2C-MoOx/CC gradually shift to the lower poten-
tials as the activation cycles increase. However, the trend is not 
apparent for Mo2C/CC, indicating the positive effect of MoOx 
on the electrochemical reconstruction of Mo2C/CC. Moreover, 
the surface Mo(VI) species in initial Mo2C-MoOx were reduced 
to Mo(IV) species during the HER, which can be manifested 
by the in situ Raman spectroscopy that the peaks of the bands 
associated with MoO3 in Mo2C-MoOx disappeared, while the 
peaks assigned to MoO2 could be observed after CV activation. 
In sharp contrast, there was a negligible surface evolution in 
Mo2C during the HER process. Based on the DFT calculations 
(Figure  13i), introducing oxygen atoms to Mo2C could effec-
tively reduce the free energy for generation of H*. The effect 
of plasma treatment time on the HER activity was also studied, 
and the result shows that the optimal HER activity of catalysts 
is achieved at 2 min, while further oxidation of Mo2C is unfa-
vorable to catalytic activity, which is in agreement with the DFT 
results. This work suggests the great potential of plasma activa-
tion to promote surface reconstruction during catalysis.

5.2. Partial Dissolution

Partial dissolution of less stable components in pre-catalysts is 
an effective approach to realize reconstruction of highly active 
species, not only for the OER but also for the HER catalyst. For 
example, Lu et al. synthesized ZnCo phosphate as HER elec-
trocatalysts and revealed that the reconstruction of Co2+-rich 
hydroxide was induced by electrochemical etching of PO4

3− and 

Zn2+.[141] The resulting interface between the ZnCo phosphate 
and cobalt hydroxyl oxide was proved to promote the charge 
transfer from atomic Co to the surrounding environment, thus 
increasing the HER activity. Shao et al. developed conductive 
monoclinic SrIrO3 perovskite as excellent HER electrocatalysts 
and revealed the pivotal role of lattice Sr2+ leaching in triggering 
the self-reconstruction.[142] As displayed in Figure 14a,b, the 
species on the surface of SrIrO3 perovskite were transformed 
into metallic Ir species during activation process accompanied 
by leaching of lattice Sr2+, which is likely responsible for the 
enhanced activity of the reconstructed SrIrO3 electrocatalysts. 
In sharp contrast, the IrO2 catalyst exhibited a highly stable 
surface structure in the HER process. Similarly, Cho et al. fab-
ricated a novel Ir-based perovskite electrocatalyst composed of 
quasi 2D Sr2IrO4 and 3D 6H phase SrIrO3 perovskites,[143] in 
which the interlaminar Sr2+ easily extracted from the crystal 
Sr2IrO4 while maintaining the in-plane IrO6 octahedral frame-
work, thus stabilizing the Ir state and exposing rich active sites 
for HER.

Interestingly, some dissolved species induced by partial dis-
solution could re-deposit onto and react with the catalysts to 
form highly active species under the HER conditions. Ho et 
al. fabricated Co particles wrapped with N-doped carbon nano-
tubes on the CoMoO4 nanosheets arrays to obtain Co@NCNT/
CoMoOx pre-catalysts and induce the fast dissolution of MoO4

2− 
to yield reconstructed Co@NCNT/CoMoyOx under in situ elec-
trochemical oxidation.[144] As illustrated in Figure  14c, it could 
be identified that partially dissolved MoO4

2− ions were depos-
ited back to the parent electrode at negative voltage and then 
polymerize to form Mo2O7

2−, which were further converted into 
Mo–Mo species on the surface. The resulting Mo-Mo species 
enabled the excellent HER kinetics in alkaline solution and 
seawater. The “dissolution–redeposition” path was also dem-
onstrated in reconstructing Cu-Fe3O4 catalyst prepared by Yang 
et al. (Figure  14d).[145] During the electrochemical activation 
process, part of the Fe3O4 species was leached at the catalyst-
electrolyte interface and reacted with OH− to form an amor-
phous FeOOH phase on the precursor surface. By introducing 

Figure 14.  a) Ir 4f XPS spectra of SrIrO3 and IrO2 before and after electrochemical activation. b) Surface atom ratio of Sr/Ir in SrIrO3 and AC-SrIrO3 
(left) and leaching concentration of Sr and Ir in SrIrO3 and IrO2 after electrochemical activation (right). Reproduced with permission.[142] Copyright 2020, 
American Chemical Society. c) Evolution of Co@NCNT/CoMoOx under in situ electrochemical oxidation. Reproduced with permission.[144] Copyright 
2022, Royal Society of Chemistry. d) Synthesis of Cu-Fe3O4 catalysts and their transformation to Cu-FeOOH/Fe3O4 during electrochemical activation. 
Reproduced with permission.[145] Copyright 2022, Wiley-VCH. e) Evolution of phosphorus-doped carbon@MoP electrocatalysts during reconstruction 
process. Reproduced with permission.[146] Copyright 2021, Springer.
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the defective FeOOH on the surface of the Cu-Fe3O4 catalyst 
through electrochemical activation, the energy barriers for 
H2O decomposition and H2 generation were reduced. This 
surface self-reconstruction strategy provides a new approach 
for the production of efficient non-noble metal HER catalysts. 
Moreover, carbon layers can also be etched to form highly reac-
tive electrochemical surfaces. Wang et al. proposed an electro-
chemical-induced surface reconstruction strategy to prepared 
phosphorus-doped carbon@MoP electrocatalysts with excellent 
activity for HER.[146] As shown in Figure  14e, the inactive sur-
face carbon layer was exfoliated in harsh acidic solution during 
the CV process as a result of proton intercalation. Meanwhile, 
electrons flow from the MoP to the inner carbon layer, which 
significantly reduces the adsorption free energy of H*. In 
addition, the synergistic interface between MoP and P-doped 
carbon greatly accelerated the proton/electron transfer and 
hydrogen dissociation, which was ultimately beneficial to the 
whole reaction process. This work provides a promising in situ 
electrochemical etching strategy for constructing highly active 
catalytic species.

Partial dissolution of pre-catalysts not only leads to surface 
reconstruction but sometimes also deep reconstruction. Mu et 
al. fabricated surface F-enriched CoF2 with a hydrophilic char-
acteristic,[147] which exhibited continuous self-reconstruction 
property. Due to the high ionic properties, F− ions would be 
rapidly leached out of the lattice of CoF2 once in contact with 
the alkaline electrolyte, while OH− immediately coordinated 
with Co atoms to form amorphous α-Co(OH)2, which was then 
rapidly transformed to amorphous β-Co(OH)2. The reconstruc-
tion would continuously proceed until all the F− ions were 
leached out. The as-obtained β-Co(OH)2 possesses abundant 
active sites and short charge transfer paths, leading to excellent 

HER activity. Deep reconstruction often leads to significantly 
distorted structures and thus abundant active sites, which is 
worth further exploration. Unfortunately, currently there has 
been only a few successful examples. In this regard, effective 
and general strategies to initiate the deep reconstruction should 
be developed.

5.3. Ionic Doping

Ionic doping can promote the reconstruction of pre-catalysts 
to form HER reactive species. For example, Chai et al. found 
that the W incorporation could promote the in situ cathodic 
activation of FePx.[148] The enhanced reconstruction perfor-
mance was attributed to the regulating effect of W dopants on 
the coordination environment of the pre-catalysts. Zhang et al. 
reported that certain Fe substitution can enhance the structural 
flexibility and accommodate more sulfur vacancies in NiS2 to 
lower the applied potential threshold for phase reconfiguration 
of NiS2 to Ni2S3, and further reduce the onset overpotential for 
HER (Figure 15a).[149] As shown in Figure 15b. the substituted 
Fe in NiS2 raised the S 3p band center energy to be closer to the 
Fermi level, reducing the energy barrier for the formation of S 
vacancy. Meanwhile, with the Fe substitution, the overlap of Ni 
3d and S 3p band is increased and the Fermi level decreases, 
which created ligand holes to release S from the system, 
resulting in S vacancies. Besides cations, doping pre-catalysts 
with anions could also produce abundant vacancies/defects 
and promote the reconstruction process. Chen et al. confirmed 
the promoting effect of P substitution on the reconstruction of 
cubic CoSe2 (c-CoSe2) for HER.[150] As displayed in Figure 15c, 
the structural component in the c-CoSe2 retains the initial 

Figure 15.  a) The surface reconstruction potential threshold range of the Ni1−xFexS2 samples and the corresponding onset potentials of HER. b) Ni 3d 
and S 3p projected density of state of Ni1−xFexS2 (x = 0.0, 0.2). Reproduced with permission.[149] Copyright 2022, Royal Society of Chemistry. c) In situ 
XANES of c-CoSe2 and CoSe1.26P1.42 during HER process. Reproduced with permission.[150] Copyright 2019, American Chemical Society. d) FeOx(OH)2-2x 
coverage of Pd/ FeOx(OH)2-2x at different activation cycles. e) Fe K-edge XANES spectra of Fe, FeO, Fe3O4, and FeOx(OH)2-2x activated at different 
cycles (inset: the Fe valence state obtained at different cycles). Reproduced with permission.[151] Copyright 2017, Wiley-VCH. f) Evolution of Ni-P-O/
MoOx to generate Ni-P-O during HER process and enhanced mechanism of catalytic activity Ni-P-O for alkaline HER. Reproduced with permission.[152] 
Copyright 2022, Elsevier.

Adv. Energy Mater. 2022, 12, 2201713



www.advenergymat.de

© 2022 Wiley-VCH GmbH2201713  (24 of 29)

www.advancedsciencenews.com

state during the HER process owing to the inhibition of the 
reconstruction by the stable cubic structure and the presence 
of selenium. In stark contrast, the CoSe1.26P1.42 was reduced to 
metallic Co species after HER process, which can be attributed 
to the abundant vacancies/defects introduced by P substitution, 
enabling Co cations in CoSe1.26P1.42 to be easily reduced.

In addition, the dopants in reconstructed species can also 
affect the HER activity. Patzke et al. developed Fe-doped cobalt 
phosphide nanoboxes as pre-catalysts and revealed that the par-
tial Fe substitution promotes a structural reconstruction into 
P-Co-O-Fe-P species with low-valence metal centers during 
the HER process,[153] which can reduce the energy barrier for 
water dissociation and facilitate the adsorption/desorption of 
HER intermediates, resulting in excellent HER performance. 
Zhou et al. fabricated V-doped CoO nanosheets via cathode 
electrochemical activation of amorphous VCo bimetallic oxide 
precursor.[154] During the reconstruction process, the V5+ would 
dissolve in electrolyte, while V4+ would be doped into CoO and 
effectively enhance the intrinsic activity of oxides.

As a kind of compositional modulation method, ionic doping 
can promote reconstruction process and the formation of 
highly active species for HER. Nevertheless, the relationship 
between dopants and reconstruction kinetics remains to be fur-
ther explored.

5.4. Heterostructure Construction

Reconstruction process could be promoted by interface effect 
in heterostructures. For example, cobalt carbonate hydroxide 
(CoCH) with TiO2 coating after in situ surface reconstruction 
via repeated LSV scans [TiO2@CoCH (A)] in alkaline HER con-
ditions showed much higher HER activity than CoCH after the 
same electrochemical activation [CoCH (E)] and TiO2.[155] The 
coupling with TiO2 could promote the formation of intersti-
tial Co defects accompanied with the reduction of Ti during 
the HER process, resulting in a low Gibbs free energy for the 
Volmer step in the HER process and thus enhancing the HER 
activity. Similarly, the TiO2 coating on Co2P4O12 can weaken the 
P-O bonds in PO4

3−,[156] promoting the transformation from 
Co2P4O12 into CoOx(OH)y, which would be reduced to metallic 
Co species that show HER activity during the catalytic process. 
The introduction of TiO2 with abundant oxygen vacancies can 
also facilitate the water dissociation on active sites during the 
HER process.

In some heterostructure systems, the inactive composi-
tions may transform into functional species, supporting active 
species for higher catalytic activity. For instance, Liao et al. 
designed Pd/FeOx(OH)2-2x core/shell composite through recon-
struction of Pd/Fe3O4. It was found that the FeOx(OH)2−2x shell 
can serve as the proton supply to promote the HER activity in 
alkaline solution.[151] The FeOx(OH)2−2x coverage and Fe val-
ance state can be modified by controlling the electrochemical 
cycling numbers, as shown in Figure  15d,e. The appropriate 
FeOx(OH)2−2x coverage can facilitate water dissociation and pro-
duce more H intermediates, which would be transferred to the 
Pd nanoparticle’s surface and converted to H2 gas, resulting in 
excellent HER kinetics. Xie et al. found that HxWO3 converted 
by H+ insertion of WO3 during the reconstruction process 

under negative potentials can serve as electron conductor and 
H+ transfer channels to Pt catalytic sites in Pt/HxWO3 hetero-
structures.[157] The Pt promotes the H+ insertion in WO3 to form 
HxWO3, facilitating the hydrogen adsorption/desorption on Pt 
sites. The Pt-WO3 possesses excellent electronic conductivity 
with fast reaction charge transfer on the interface between elec-
trolyte and catalyst, resulting in a high coverage of H interme-
diates on the catalysts surface and thus improved HER kinetics.

In addition, the synergistic effect of heterogeneous compo-
nents can also enhance the activity of the reconstructed species. 
Yang et al. synthesized broccoli-like hierarchical Ni2P-Ni(PO3)2 
nanoparticles on vertical monocrystalline NiMoO4 nanorods,[152] 
which effectively integrate artificial frustrated Lewis pairs 
(FLPs) after reconstruction process. As shown in Figure  15f, 
dissolution of MoOx further exposed more Ni sites as Lewis 
base sites to promote the adsorption of H* during the Tafel 
step, while hydroxyl ligands in situ formed on the surface of 
the loaded nanoparticles as Lewis acid sites to boost the activa-
tion of H2O molecules. The FLPs achieved low overpotentials 
of 11 and 79 mV at 10 and 100 mA cm−2. Although construction 
of heterostructure was widely applied as an effective modified 
strategy to design high-performance electrocatalysts,[158] its use 
in promoting the catalysts’ reconstruction is still limited and 
the effects of multiple components of the heterostructure on 
reconstruction process and further the HER activity are still not 
fully understood.

6. Conclusion and Outlook

With the development of ex situ and in situ characterization 
techniques in recent years, the dynamic reconstruction pro-
cesses can be studied in detail. This paper gives a comprehen-
sive review on recent research advances in the basic principle 
of water electrolysis, the characterizations of reconstruction 
phenomenon, and the regulation strategies of reconstructed 
electrocatalysts. Through modification strategies such as 
defect engineering, partial dissolution, ion doping, and hetero-
structure construction, the structural flexibility and electronic 
properties of the pre-catalysts can be tuned to exhibit greatly 
improved conductivity, promoted electron transfer rate, and 
reduced energy barrier required for the formation of active spe-
cies. By optimizing the phase and electronic structure of the 
pre-catalysts supplemented by activation methods including 
electrochemical and plasma activation, the transition rate and 
degree of reconstruction as well as the catalytic activity of the 
formed active species can be greatly enhanced, resulting in 
highly efficient water splitting electroatalysts. However, the 
development of efficient reconstructed electrocatalysts suit-
able for large-scale application remains a huge challenge. The 
activity and stability of reconstructed electrocatalysts for OER or 
HER should be further improved. Several remaining challenges 
are listed as follows:

1)	 Understanding the mechanism of reconstruction is neces-
sary for the design of highly active reconstructed catalysts. In 
particular, the regulation mechanism on the electronic struc-
ture and catalytic activity of the corresponding reconstructed 
species requires further exploration. DFT calculation should 
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be applied more to reveal the reaction energetics in the recon-
struction process. In addition, the complex composition of 
the reconstructed catalysts introduces additional difficulty in 
the exploration of catalytic mechanisms and the recognition 
of real catalytic sites. Hence, more accurate characterizations 
(such as femtosecond time-resolved transient absorption 
spectroscopy, in situ electron microscopy, and scalable X-ray 
absorption fine-structure techniques) are required to under-
stand the function of each component in the reconstruction 
process and in turn guide the design of active components 
with the optimized synergistic effect.

2)	 For pre-catalysts with weak stability, such as perovskites 
and MOFs, the reconstruction process could potentially de-
stroy the internal structure due to the severe dissolution of 
components, resulting in the loss of active sites. Therefore, 
inhibiting the dissolution of these active species, but at the 
same time, without significantly affecting the reconstruc-
tion process, is the key to maintaining the pre-catalysts’ 
high catalytic activity and stability. This might be solved 
by introducing additional elements or chemical groups to 
stabilize the bulk structure, or by coating the catalysts with 
protective layers.

3)	 Considering that the reconstructed species that serve as the 
real active sites for OER or HER, the catalytic performance 
would be gradually enhanced as more reconstructed species 
formed. However, the reconstruction usually occurs only at 
the near-surface region of the catalysts that results in recon-
structed layers of <10  nm thick. Therefore, enhancing the 
reconstruction degree of pre-catalysts to promote the gen-
eration of more active sites is worth further exploration. On 
the other hand, a thickened surface layer might reduce the 
electronic conductivity and weaken the synergy of the sur-
face active sites and the original “pre-catalysts”. Therefore, 
precisely tuning the reconstruction degree to ensure the 
maximum utilization of the surface active sites while without 
sacrificing the intrinsic properties of the “pre-catalysts” (e.g., 
robust stability, high electric conductivity) is an important di-
rection for future research.

4)	 In most reports, the tests of water electrolysis are usually 
carried out under room temperature, with low electrolyte 
concentration and short operation time. However, the opera-
tion of industrial water electrolysis systems requires much 
larger current densities (0.5–1.6 A cm−2), higher tempera-
ture (40–90 °C), higher electrolyte concentration (4.2–6.9 m), 
and longer operation time (over 1000 h). In the two cases, 
the reconstruction results may be very different, including 
the reconstruction kinetics, reconstructed active species, and 
microstructures. In addition, harsh reaction conditions in in-
dustrial water electrolyzer require the reconstructed catalysts 
to achieve higher intrinsic activity and stability. Therefore, it 
is necessary to evaluate the various performance of catalysts 
under industrial parameters, especially the changes of intrin-
sic reactive species, catalytic activity, and catalytic selectivity 
during the reconstruction process. However, these research 
issues are rarely reported and deserve more attention, which 
would benefit the rational design and practical application for 
reconstructed catalysts.

5)	 Despite recent discussion on the reconstruction mecha-
nisms during the OER process, relatively few reports are 

exploring the reconstruction mechanisms under HER con-
ditions. In addition, the reconstruction phenomenon could 
also be observed in other electrocatalytic processes, such as 
CO2 reduction,[159] oxygen reduction reaction,[160] and nitro-
gen reduction.[161] Exploring the reconstruction mechanisms 
of other electrocatalytic processes is favorable for expanding 
the application range of reconstructed catalysts. Finally, since 
most of the catalytic reconstruction is essentially an electro-
chemical process, its large-scale preparation could also be a 
challenge.
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