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In Situ Amorphization of Electrocatalysts

Huishan Meng, Zhijie Chen,* Jinliang Zhu, Bo You, Tianyi Ma, Wei Wei, Sergio Vernuccio,
Juan Xu,* and Bing-Jie Ni*

Electrocatalysis represents an efficient and eco-friendly approach to energy
conversion, enabling the sustainable synthesis of valuable chemicals and
fuels. The deliberate engineering of electrocatalysts is crucial to improving the
efficacy and scalability of electrocatalysis. Notably, the occurrence of in situ
amorphization within electrocatalysts has been observed during various
electrochemical processes, influencing the energy conversion efficiency and
catalytic mechanism understanding. Of note, the dynamic transformation of
catalysts into amorphous structures is complex, often leading to various
amorphous configurations. Therefore, revealing this amorphization process
and understanding the function of amorphous species are pivotal for
elucidating the structure-activity relationship of electrocatalysts, which will
direct the creation of highly efficient catalysts. This review examines the
mechanisms behind amorphous structure formation, summarizes
characterization methods for detecting amorphous species, and discusses
strategies for controlling (pre)catalyst properties and electrochemical
conditions that influence amorphization. It also emphasizes the importance of
spontaneously formed amorphous species in electrochemical oxidation and
reduction reactions. Finally, it addresses challenges in the in situ
amorphization of electrocatalysts. aiming to guide the synthesis of
electrocatalysts for efficient, selective, and stable electrochemical reactions,
and to inspire future advancements in the field.
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1. Introduction

Electrocatalysis presents a compelling
approach for producing clean energy
carriers like hydrogen and high-value
chemicals, all while minimizing envi-
ronmental impact.[1] Electrocatalysts can
lower the activation energy of reactions
and improve the selective adsorption
of intermediates during electrochemi-
cal activation.[2] This capacity promotes
the electrochemical process for energy
transition,[3] environmental protection,[4]

and sustainable development.[5] Such
examples include water splitting,[6] urea
oxidation reaction (UOR),[7] biomass ox-
idation reaction (BOR),[8] carbon dioxide
reduction reaction (CO2RR),[9] etc. Sig-
nificant efforts have been directed toward
exploring highly efficient catalysts.[10]

However, the inevitable reconstruction
of electrocatalysts under electrochemical
conditions can lead to changes in the
catalyst’s performance and shape the cat-
alytic pathways.[11] Thus, it is essential to
explore the in situ reconstruction process of
electrocatalysts.
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With the characterization of post-catalysis electrocatalysts, the
chemical properties, structural characteristics, porosity, and crys-
talline arrangement of electrocatalysts could undergo dynamic
changes under the application of potentials and harsh electro-
chemical conditions.[12] In situ amorphization is one of the most
frequently observed reconstruction phenomena.[13] Amorphous
structures are characterized by a large electrochemical surface
area, rich defect surface, and high structural flexibility.[14] Nev-
ertheless, establishing the structure-activity relationship during
electrocatalysis is challenging due to its complexity. The amor-
phous phase encompasses a wide range of catalyst composi-
tions without being limited by valence, allowing for continu-
ous adjustment of their electronic structure to optimize cat-
alytic activity. Moreover, the amorphous structure not only in-
fluences the interaction with intermediates but also facilitates
fast ion diffusion processes, significantly enhancing electrocat-
alytic performance.[15] Furthermore, the self-establishment of
amorphous-crystalline heterostructures optimizes the transfor-
mation pathway of intermediates, contributing to a notable en-
hancement in catalytic reaction kinetics.[16]

Recently, many studies have employed an in situ electrochem-
ical process to activate precatalysts.[17] During this process, the
amorphization of electrocatalysts from surface to bulk exposes
more active sites and promotes electrocatalytic performance.[18]

Additionally, the in situ formation of amorphous species dur-
ing electrochemical activation demonstrates a higher level of
disorder than amorphous species grown thermally or electro-
chemically, thus efficient electrocatalysis.[19] Nevertheless, it is
important to acknowledge that the occurrence of amorphous
phases could also reduce electrochemical activity,[20] especially
for single perovskite.[21] Moreover, moderate amorphization may
benefit the oxygen evolution reaction (OER) activity and stabil-
ity, while an excessively thin or thick amorphous layer is detri-
mental to catalytic reactions.[22] The excessive amount of amor-
phous species could decrease the selectivity of oxidation of 5-
hydroxymethylfurfural (HMF).[23] The reconstruction process of
electrocatalysts has been extensively reviewed,[24] especially for
OER. However, in situ amorphization process of catalysts in dif-
ferent electrocatalytic reactions has not been comprehensively
analyzed. Therefore, it is crucial to summarize emerging ad-
vancements in the in situ amorphization of electrocatalysts to
provide insights into the rational design of high-performance cat-
alysts and the underlying mechanism of catalytic reactions.

Herein, we outline the in situ amorphization process of elec-
trocatalysts during electrochemical processes, as well as the role
of self-evolved amorphous species in electrocatalysis. The in situ
amorphization process is primarily associated with the redox re-
actions of electrocatalysts during electrochemical activation. It
primarily involves “dissolution-precipitation”, direct redox trans-
formation, or atomic rearrangement of catalysts, leading to the
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Figure 1. Schematic of the in situ amorphization of electrocatalysts.

formation of amorphous species. Ex situ and in situ characteri-
zation technologies are utilized to discern the generation of amor-
phous species and their dynamic evolution process. The degree
of amorphization, the composition of amorphous species, and
the activity of these species could be controlled through the mod-
ulation of catalyst properties, including their composition, struc-
ture, and morphology. Additionally, adjustments to electrochemi-
cal operational parameters and electrolyte conditions could regu-
late the amorphization process. The role of the in situ formed
amorphous species in regulating electrochemical processes is
also discussed, which is followed by the perspectives in this
field. Figure 1 mainly summarizes the methods for regulating
catalysts’ in situ amorphization and the function of amorphous
species in electrocatalytic reactions.

2. Mechanisms of In Situ Amorphization of
Electrocatalysts

The correlation between the catalytic performance of materials
and their structures is crucial for optimizing catalyst function-
ality in electrocatalysis.[25] However, the occurrence of in situ
amorphization of catalysts under applied potential and harsh
electrolyte conditions significantly impacts their electrochemi-
cal performance, posing a substantial challenge in building the
structure-activity relationship.[11a] The amorphous structure of-
fers several advantages during electrocatalysis,[26] thus compre-
hending the underlying mechanisms of amorphization in the
electrolysis process is essential for designing efficient electrocat-
alysts.

2.1. Dissolution-Precipitation Process

Under potential stimulation, certain electrocatalyst components
would leach out and subsequently react with the electrolyte,
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Figure 2. A) Schematic illustration of the dissolution-precipitation mechanism induced by LOER during the OER in an alkaline medium.[29] Copyright
2015, Springer Nature. B) Operando electrochemistry-Raman spectra of (Ni,Fe)O(OH)@NiCoS in alkaline electrolyte.[34] Copyright 2021, Elsevier. C)
Schematic representation of the amorphous Co(OH)2 evolution with the organic frame oxidation from CoM-ZIF-L during CV activation.[36] Copyright
2021, Elsevier. D) Reconstruction diagram of Zn-doped FeNiP@Fe2P during electrochemical activation based on theoretical calculations.[46] Copyright
2024, Wiley. E) In situ reconstruction schematic diagram of NiSe2 during electrocatalysis in an alkaline solution. Ni, Se, O, and H are depicted as green,
purple, red, and gray balls, respectively.[48] Copyright 2019, Elsevier. F) Correlation between lithium content and formation energy of oxygen vacancies
and unoccupied oxygen 2p states in LixCo2O4.[51] Copyright 2019, American Chemical Society.

leading to the precipitation of an amorphous phase on the cat-
alyst surface during the electrocatalytic process. Yang et al. inves-
tigated the in situ formation amorphous phase on LiCoPO4 with
phosphorus leaching after potential cycling at neutral pH, which
bears compositional resemblance to those acquired through the
electrodeposition of cobalt oxide materials in electrolyte solutions
buffered with phosphate (Co-Pi).

[27] The presence of Co2+ ions
with high spin and substitutionally labile properties in LiCoPO4
suggests that they may dissociate into the solution at equilib-
rium. The authors speculated that the dissolved Co2+ ions could
readily re-deposit on the surface during potential cycling in elec-
trolytes containing leached phosphorus. Hence, LiCoPO4 pos-
sessing an amorphous structure exhibits electrochemical prop-
erties comparable to those of Co-P. Similarly, Xu et al. found
that the amorphous phase generated after the potential cycling
of SrCo0.8Fe0.2O3−𝛿 (SCF02) in KOH solution is similar to that
formed during the cycling of SrCoO3−𝛿 (SC) in the electrolyte
containing Fe3+.[28] It can be speculated that the perovskite ox-
ide undergoes a dissolution/precipitation cycle to form an amor-
phous phase, which allows for the participation of Fe from the
electrolyte.

During the in situ amorphization process of SC and SCF02,
the content of Sr and lattice oxygen was dramatically reduced.
The ““dissolution-precipitation”” process is well documented
during the typical lattice oxygen evolution reaction (LOER).
Schmidt et al. found that metal oxides would be unstable at po-
tentials exceeding the oxygen evolution equilibrium potential and
could leach into the electrolyte as a result of the oxidation of
lattice oxygen anions.[29] Subsequently, metal cations with un-
changed valency can be re-deposited onto the catalyst surface in
the alkaline electrolyte when an appropriate potential is applied.
This reconstruction process forms a layer with reduced struc-
tural order, termed the hydrous amorphous layer (Figure 2A).
The thickness of the hydrous amorphous layer extends into the
bulk catalyst due to the extraction of oxygen anions from the lat-
tice within the bulk catalyst, facilitated by the leaching of pos-
itively charged metal cations. Most metal oxides, such as per-
ovskite oxides,[30] La2Li0.5Ni0.5O4,[31] and CoCr2O4,[32] undergo a
process of amorphization through an initial leaching of unstable
elements, followed by a dissolution-precipitation process involv-
ing transition metals that leads to the formation of amorphous
species.
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2.2. Redox Reactions

2.2.1. Direct Redox Processes of Precatalysts

Unlike the development of the amorphous structure through
the dissolution-precipitation of transition metal species during
in situ electrochemical activation, catalysts undergo an electro-
chemical redox reaction to promote amorphization.[33] Under the
potential-dependent electrochemical reconstruction processes,
the direct redox process of electrocatalysts induces the structure
transformation into an amorphous structure. Shao et al. pro-
posed that the Ni-Fe hydroxide/oxide ((Ni,Fe)O(OH)) structure
could be converted into amorphous 𝛾-NiFeOOH with high elec-
trochemical activity.[34] According to operando electrochemistry-
Raman techniques, the peak corresponding to Ni(III) in amor-
phous 𝛾-NiOOH was observed and became stronger with the in-
crease in potential from 1.14 to 1.49 V versus reversible hydrogen
electrode (RHE) (Figure 2B). The 𝛾-NiOOH with an interlayer
space and high-valence Ni sites is prone to exhibit amorphous
characteristics because of randomly oriented bonds and an un-
saturated coordination environment.

Metal-organic frameworks (MOFs) utilized as electrocatalysts
can experience amorphization due to the redox activity of lig-
ands during the electrochemical activation process.[35] A highly
active amorphous metal hydroxide was synthesized on CoM-
zeolitic imidazolate framework-large (CoM-ZIF-L), wherein OH−

ions present in the electrolyte replaced ligands in CoM-ZIF-L.[36]

During the electrochemical activation process of cyclic voltam-
metry (CV), CoM-ZIF-L experienced a reversible redox reaction
involving the Co site transitioning between Co(II)/Co(III) and
Co(III)/Co(IV), leading to the presence of amorphous Co(OH)2.
In contrast, the CoM-ZIF-L was transformed into highly crys-
talline fragments of Co(OH)2 during the chemical etching pro-
cess in the KOH solution. The reversible redox reaction of the
cobalt site disrupts the coordination between cobalt ions and 2-
methylimidazole, facilitating the introduction of OH− to replace
2-methylimidazole and form the amorphous phase, as depicted
in Figure 2C. During the HER process in neutral conditions, the
application of MOF-derived catalysts also resulted in the gener-
ation of amorphous CoSx due to the disruption of the organic
coordination environment.[37] By analyzing the evolution of the
2-methylimidazole-based nitrogen coordination environment, it
was observed that the organic ligand thiourea degrades into S2−

ions induced by the production of OH− during HER. Therefore,
the S2− replaces the organic ligand to react with Co2+ ions, caus-
ing the development of amorphous CoSx. The in situ formed
amorphous structure in MOF-based catalysts appears to be as-
sociated with substituting the organic ligand, which is deeply de-
pendent on both the catalyst’s structure and the electrochemical
conditions.

In addition to metal oxides, metal carbides,[38] nitrides,[39] and
sulfides,[40] also experience redox reactions to form amorphous
oxides during both OER and hydrogen evolution reaction (HER)
in alkaline electrolytes. Non-oxide metal catalysts display lower
thermodynamic stability compared to metal oxides, making them
prone to oxidation during the electrochemical process.[41] Ren
et al. investigated the reconstruction of the NiMoN@NiFeN cat-
alyst in the OER process.[42] The amorphous NiFe oxides and
NiFe oxy(hydroxides) were generated with the oxidation of Ni2+

and Fe2+ to Ni3+ and Fe3+ respectively. Yang et al. reported that
the (CoxFe1−x)3Mo3C component in the CoFe/(CoxFe1−x)3Mo3C
catalyst could experience oxidation to form active amorphous
Co(Fe) oxyhydroxides.[43] Meanwhile, the valence of Fe and Co
was shifted to a higher value. In situ formation of amorphous ox-
ide/ oxy(hydroxides) species can also be observed for the bimetal-
lic carbide Mo6Ni6C[44] and Ni/W5N4,[45] corresponding to the
metal redox in the pre-catalysts. The amorphization of non-oxide
may also be correlated with both the shift in metal valence and
the dissolution-precipitation mechanism. Huang et al. reported
that the dissolution-redeposition reconstruction of the Zn-doped
FeNiP@Fe2P nanoarray catalyst involved the continuous disso-
lution of Zn and Fe2P, accompanied by oxidation of Fe2+ to Fe3+

(Figure 2D).[46] Ultimately, amorphous FeOOH formed as iron
ions combined with OH− in the electrolyte. Furthermore, the for-
mation of amorphous Ru oxide in the bimetallic Ir-Ru catalyst
was associated with the dissolution and redeposition of Ru dur-
ing the in situ reconstruction process.[47]

According to some viewpoints, electrocatalysts may undergo
reconstruction into a crystalline layer due to the leaching of
unstable elements, potentially resulting in subsequent amor-
phization with further redox conditions. Lau et al. demon-
strated the generation of an amorphous/crystalline heterojunc-
tion (Ni(OH)2/NiOOH) from the NiSe2 precatalyst in an alka-
line solution during both HER and OER.[48] The NiSe2 phase
completely disappeared after electrochemical activation. The fea-
tures of Ni(OH)2 were detected using the selected area electron
diffraction pattern, and X-ray photoelectron spectroscopy anal-
ysis results indicated a reversible transition between crystalline
Ni(OH)2 and amorphous NiOOH. They proposed that pyrite-type
NiSe2 transformed into lamellar-type Ni(OH)2 after Se2

2− leach-
ing as SeOx initially, and then Ni(OH)2 evolved into amorphous
NiOOH with lattice expansion during polarization (Figure 2E).
The leaching of other unstable compositions also induces the
metastable hydroxide form, which is subsequently oxidized to
yield an amorphous oxyhydroxide phase, such as V-NiS[49] and
Co3(PO4)2·8H2O.[50]

2.2.2. Oxygen Vacancies Contribute to Amorphization

The redox process of electrocatalysts can promote the genera-
tion of vacancies, thereby facilitating the in situ amorphization
process. Zhu et al. investigated a reversible surface amorphiza-
tion on Mn2O3 during OER.[52] They employed in situ transmis-
sion electron microscope imaging to track the dynamic develop-
ment of the surface layer. The evolution of an amorphous struc-
ture was accompanied by the observation of redox Mn valence
changes and oxygen defects. They suggested that the formation of
the reversible surface layer might be related to the dynamic pro-
cess involving the creation and filling of oxygen deficiencies on
the surface of Mn2O3. Leaching of unstable electrocatalysts and
the oxidation of lattice oxygen could induce the generation of va-
cancies, initiating interactions of electrocatalysts with ions in the
electrolyte to induce amorphization. Zhang and coworkers illus-
trated that oxygen vacancies resulting from lithium leaching and
the oxidation of tetravalent cobalt were subsequently filled by hy-
droxyl ions, leading to the amorphization of Li2Co2O4.[51] A corre-
lation between delithiation and the generation of the amorphous
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Figure 3. A) Schematic diagram of the formation of vacancies and subsequent reconstruction processes on NiCrO.[53] Copyright 2024, American
Chemical Society. B) The structural evolution of SrIrO3 along the proposed reconstruction pathway from crystalline to amorphous phase.[19] Copy-
right 2021, American Association for the Advancement of Science. C) The alteration in the near-surface structure of crystalline Co3O4 before and after
amorphization.[57] Copyright 2021, Springer Nature. D) The dissolution-electrodeposition of iridium species during the electrocatalysis process.[58]

Copyright 2019, Wiley. E) The Pourbaix diagram of iridium depicts its dependency on both pH and potential at room temperature (25 °C).[59] Copyright
2022, American Chemical Society.

active layer was established. Delithiation significantly reduces the
energy required for the formation of oxygen vacancies (Figure 2F)
and promotes the emergence of Co4+ species. Co4+ ions also can
activate oxidized oxygen, facilitating the electro-driven occupa-
tion of these vacancies by OH−, ultimately resulting in the for-
mation of an amorphous (oxy)hydroxide surface layer.

The defects arising directly from the leaching of unstable ele-
ments may also induce the generation of amorphous species. Cr
leaching from NiCrO during electrocatalysis resulted in the cre-
ation of numerous vacancies, which promote the formation of
amorphous NiOOH through OH filling (Figure 3A).[53] Further-
more, the leaching of lattice elements from Ir-based electrocata-
lysts under acidic electrochemical conditions prompts defect for-
mation, which may initiate the process of amorphization. Shao
et al. reported that monoclinic SrIrO3 experienced amorphiza-
tion compared with IrO2, primarily triggered by the leaching of
almost all lattice Sr2+ ions during the HER process in an acidic
medium.[54] Progressive surface amorphization might primarily
be attributed to defects resulting from the leaching of alkaline-
earth elements, rather than the leaching of Ir. Xu et al. also pro-
posed the collapse of the initial pseudo-cubic structure and the
emergence of the amorphous IrOxHy phase occurred when Sr
and Co were rapidly leached out from SrCo0.9Ir0.1O3−𝛿 during
electrochemical activation.[55]

The presence of oxygen vacancies on the catalyst surface could
amplify the dissolution of alkaline-earth elements during the
electrocatalytic process, significantly increasing the degree of in

situ amorphization in the active layer. Suntivich et al. investigated
the amorphization of SrIrO3 when lattice oxygen redox was acti-
vated during the OER process.[19] They proposed that the accu-
mulation of oxygen vacancies, activated by lattice oxygen, could
induce structural instability in SrIrO3, resulting in the forma-
tion of amorphous Sr0.7Ir3.1+Ox with a square-planar structure
(Figure 3B). Furthermore, more leaching of Sr occurred after the
initial phase of reconstruction, leading to the development of a
highly disordered structure. The coupled formation of oxygen
vacancies and Sr leaching facilitated the generation of an active
amorphous layer in SrIrO3.

2.3. Migration of Atoms

During the electrocatalysis process, the dynamic migration of
atoms in catalysts initiates the amorphization. Ersen et al. ob-
served the amorphization of Co3O4 during OER in alkaline and
neutral electrolytes.[56] In a neutral medium, the absence of de-
tectable phosphorus suggests that the amorphous cobalt (oxy-
hydr)oxide phase was not formed via electrodeposition. In an al-
kaline environment, more pronounced amorphization occurred
alongside enhanced OER performance, presumably correlated
with the extent of charge transfer. Strasser et al. discovered that
the crystalline Co3O4 underwent oxidation to form CoOx(OH)y
without changing phase at the onset of electrocatalytic oxygen
evolution. As the electrode potential and oxygen evolution rate

Adv. Funct. Mater. 2024, 34, 2405270 2405270 (5 of 47) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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increase, the Co oxidation state gets higher, and the Co coordina-
tion undergoes a partial change from tetrahedral to octahedral.
The random site occupancy of Co3+/4+ ions within a marginally
rearranged O2− lattice results in an amorphization process of the
near-surface CoOx(OH)y layer (Figure 3C).[57]

Based on the discussions above, electrochemical condi-
tions, including pH and applied potential, govern the recon-
struction of electrocatalysts as depicted by the Pourbaix di-
agram. Grimaud et al. suggested a widespread dissolution-
electrodeposition/precipitation mechanism for the formation of
the IrOx·mH2O in Irv-based perovskite materials (Figure 3D).[58]

Formation of the IrOx·mH2O phase was influenced by the pH
value and applied potential, exhibiting limited correlation with
the pre-catalyst. Iridium from Ir-based catalysts can dissolve in
acidic electrolytes and then precipitates in its oxidized form at
the OER potential, as shown in the Pourbaix diagram for iridium
(Figure 3E).[59] Nevertheless, the underlying mechanisms driving
amorphization processes remain elusive. It is worth mention-
ing that electrocatalysts may experience in situ reconstruction,
leading to the production of both crystalline and low-crystalline
phases.[60] An in-depth investigation into the origins of amor-
phization demands further endeavors through the application of
advanced in situ techniques and analytical methods.

Under applied potentials, electrocatalysts will undergo self-
reconstruction and lead to phase evolution. The formation of
amorphous species during different electrochemical processes is
a complex phenomenon that involves intricate structural trans-
formations within the catalyst, influenced by factors such as the
specific electrochemical environment, the nature of the redox re-
actions taking place, and the interactions between the catalyst and
the electrolyte. In this context, it is essential to individually ana-
lyze the in situ amorphization process of various catalysts on a
case-by-case basis. In addition, the physicochemical properties of
catalysts and electrochemical operations are interdependent and
mutually influence each other in the amorphous process. There-
fore, the chemical properties of precatalysts and electrochemical
conditions can be applied to regulate the amorphization process,
which will be discussed later.

3. Characterization of Self-Evolved Amorphous
Species

Identifying the properties of the self-evolved amorphous species,
including the structure feature and chemical compositions, is
crucial for understanding the electrochemical active sites and es-
tablishing structure-activity relationships. To gain a full under-
standing of the active species during electrocatalysis, several char-
acterization techniques were employed to identify the structure
information, such as X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), Raman spectroscopy and X-ray absorp-
tion spectroscopy (XAS).[61] Hence, in this section, we summa-
rize both ex situ and in situ characterization techniques aimed
at gaining insights into the amorphous species and the dynamic
reconstruction process.

3.1. X-Ray Diffraction

In situ amorphization typically involves the phase transforma-
tion of precatalysts from crystalline to amorphous phases, which

can be detected using XRD. Crystalline materials show distinct
diffraction peaks in XRD due to their ordered structure, while
amorphous materials show broad, featureless scattering due to
their disordered structure. For example, Mullins et al. discovered
that NiS transformed into amorphous nickel oxide during elec-
trochemical activation.[62] This conversion was characterized by
the loss of crystalline peaks in the XRD patterns and the absence
of new diffraction peaks. Comparable observations can be made
in the complete amorphization of other precatalysts, such as
Co3C,[38] erythrite,[63] and CoP.[64] Following partial amorphiza-
tion of the precursor catalysts, the alterations in XRD patterns
are generally minor. NiFe-OH-F suffered partial amorphization
to form an amorphous layer after electrochemical activation,[65]

whereas the diffraction peaks of the precatalyst were still observ-
able in the XRD pattern. The same phenomenon has been ob-
served in Ni and Ni3N nanoparticles.[66] Grazing-incident X-ray
diffraction (GIXRD) enables detailed characterization of surface
and interface properties. Scott et al. employed GIXRD to uncover
the alterations in crystallinity on the surface of polycrystalline Cu
electrodes after undergoing electrochemical reduction.[67]

In situ XRD provides real-time insights into the structural
transformations occurring during electrochemical amorphiza-
tion. Zhang and his co-authors investigated the structural evolu-
tion of an in situ electrochemical amorphization electrode using
the in situ XRD technique.[68] They observed that the peaks of
the pristine ZnV2O4 phase were significantly weakened with the
emergence of the amorphous structure. Strasser et al. elucidate
the characterization of Co3O4 films under various electrochem-
ical potentials using in situ GIXRD experiments.[57] Although
the Co3O4 structure remained unchanged under applied electro-
chemical potential (Figure 4A), analysis of the broadening of se-
lected Co3O4 reflections revealed alterations in the mean struc-
tural coherence length of crystalline domains. Notably, the Co3O4
demonstrated its maximum structural coherence length at the
onset potential of OER, followed by structural transformations
leading to decreased structural coherence length as electrode po-
tential increased (Figure 4B). This transformation was attributed
to the appearance of an amorphous CoOx shell on crystalline
Co3O4. Notably, the amorphous species can revert to crystalline
Co3O4 once the applied potential is outside the oxygen evolution
range, demonstrating a reversible transformation. This study uti-
lizes GIXRD to reveal the reversible surface phase transforma-
tions during the in situ amorphization process. Ex/in situ XRD
technology is useful for investigating amorphization with notice-
able phase changes. However, XRD is inadequate for analyzing
reconstructed electrocatalysts with the presence of a thin amor-
phous phase. The formation of an amorphous shell on LiCoBPO
did not alter the GIXRD patterns after OER.[69] Direct evidence
should be used to further characterize the formation of the amor-
phous structure during electrochemical reconstruction.

3.2. Transmission Electron Microscopy

Microscopic analysis techniques provide direct insights into the
formation of amorphous structures. The structure evolution
from surface to bulk could be detected by TEM. Selected area elec-
tron diffraction (SAED) pattern from the corresponding TEM elu-
cidates the phase transformation of the catalyst. The occurrence

Adv. Funct. Mater. 2024, 34, 2405270 2405270 (6 of 47) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. A) In situ GIXRD patterns, B) along with their corresponding structural coherence length of Co3O4.[57] Copyright 2015, Nature Portfolio. C)
TEM images of the in situ reconstructed Ru-NiPS3 (left) and related SAED patterns (right).[70] Copyright 2023, Nature Portfolio. D) HR-TEM image
of Mn3N2 catalyst after in situ amorphization.[39] Copyright 2018, Wiley. E) HR-TEM image of reconstructed SrIrO3, along with its corresponding FFT
patterns.[54] Copyright 2020, American Chemical Society. F) The surface structure and atomic-level distribution of BaIrO3 detected by HAADF and BF-
STEM. G) HAADF images of the in situ reconstructed SrIrO3. H) EELS analysis of O K-edges on the amorphous surface region.[73] Copyright 2019,
Cell Press. I) Schematic representation of in situ electrochemical liquid cell TEM holder and its accompanying apparatus. J) In situ TEM imagines of
Ru-NiPS3 over time.[70] Copyright 2023, Nature Portfolio.

of the amorphous halos ring in the SAED pattern served as
an indication of the amorphization occurring on the surface of
the catalyst (Figure 4C).[70] High-resolution TEM (HR-TEM) pro-
vides direct evidence of the amorphization by detecting atomic
arrangement. Driess et al. utilized TEM and HR-TEM to get in-
sights into the near-surface structure of Mn3N2.[39] TEM images
only showed the structural changes of the crystalline particles af-
ter the electrochemical process. In HR-TEM images, a distinct
disordered shell of MnOx was prominently observed on the sur-
face of crystalline Mn3N2 (Figure 4D), evidencing that the Mn3N2
surface undergoes amorphization after strong alkaline electro-
chemical oxidation. The integration of HR-TEM with fast Fourier
transform (FFT) analysis serves as a valuable method to under-
stand the transformation from crystalline to amorphous states
in the catalyst. In comparison with the crystalline SrIrO3, FFT
images of the amorphous surface revealed the absence of long-
range ordering (Figure 4E).[54] TEM with energy-dispersive spec-
troscopy (EDS) is a commonly employed method for identifying
the composition of in situ formed amorphous phases, thereby as-

sisting in the speculation of the reconstruction process and com-
pound composition.[71] According to HR-TEM-EDS analysis, the
emergence of an amorphous layer on SrxCa1−xFeO3−𝛿 is associ-
ated with the significant leaching of A-site ions on the surface.[72]

Employing scanning transmission electron microscopy
(STEM) in both high-angle annular dark-field (HAADF) and
bright-field (BF) modes allows for an in-depth examination of
amorphous structure, revealing atomic-level details and local
atomic arrangements. Chung et al. conducted HAADF-STEM
and BF-STEM to directly observe the atomic-column resolu-
tion of SrIrO3 and BaIrO3 during the OER under an acidic
electrolyte.[73] HAADF and BF-STEM images in Figure 4F
revealed the lattice collapse of BaIrO3, resulting in a rough and
amorphous surface. Conversely, SrIrO3 after 60 cycles showed an
amorphous surface layer with the presence of nanometer-scale
polycrystals (Figure 4G). Along with STEM, electron energy-loss
spectroscopy (EELS) indicated the near-amorphous nature of the
SrIrO3 following 130 anodic cycles. The significant broadening
observed in peaks A and B in the oxygen K-edge spectrum after

Adv. Funct. Mater. 2024, 34, 2405270 2405270 (7 of 47) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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130-cycle samples implied the development of an amorphous
structure (Figure 4H). This phenomenon is attributed to the
disruption of oxygen octahedral symmetry within the [IrO6]
units and variations in Ir-O bond length in the amorphous state.
STEM-EELS measurements also can verify the elemental com-
position and chemical valence of amorphous species. Zhu et al.
utilized STEM-EELS spectra to illustrate the amorphous surface
material on Mn2O3 nanocatalyst.[52] Spatially resolved EELS fine
structures of Mn2O3 after OER revealed a red shift in Mn-L2,3
edges and an increase in the L2/L3 intensity ratio on the surface,
indicating a reduced Mn valence. Coupled with the analysis of
O-K edge fine structures, the amorphous surface resembled the
Mn3O4 phase, containing mixed Mn2+ and Mn3+ ions.

In situ technology has been utilized to monitor the structural
evolution of catalysts during electrochemical activation. Zhao’s
group conducted an in situ electrochemical TEM technique to in-
vestigate the reconstruction of Ru-NiPS3 during the alkaline HER
process.[70] The design of the in situ electrochemical liquid cell
TEM holder and the liquid cell structure is depicted in Figure 4I.
The in situ electrochemical TEM captured the stepwise evolu-
tion of a reconstructed surface at the Ru-NiPS3 (Figure 4J), with
the corresponding SAED patterns gradually exhibiting an amor-
phous halo ring. In situ electrochemical TEM sequential images,
together with corresponding in situ sequential SAED patterns,
reveal the amorphization process during electrocatalysis. In situ
TEM is capable of revealing the dynamic changes in structure
and composition.[56,74] Xi and co-researchers similarly applied in
situ electron microscopy to uncover the structural and composi-
tional transformation of (NiCo)S1.33.[75] An amorphous shell de-
veloped on the catalyst surface following the application of 0.9 V
for 21 s, and its thickness grew from 27.75 to 57.00 nm as time
progressed. Moreover, in situ atomic HAADF was utilized to in-
vestigate the surface amorphization at different applied poten-
tials. Amorphous regions were notably extended at elevated ap-
plied potentials ranging from 0.9 to 1.3 V. The corresponding in
situ elemental mapping of S and O, along with in situ EELS of the
O K-edge, expounded the evolution of composition and chemical
states during amorphization.

3.3. Raman Spectroscopy and Fourier-Transform Infrared
Spectroscopy (FT-IR)

Raman spectroscopy is a valuable tool for analyzing chemical
compounds based on their molecular vibrations, offering de-
tailed information about the molecular structure of materials. Re-
cently, Raman spectroscopy has been widely used to identify the
in situ-formed amorphous species during electrocatalysis.

Analyzing the positions and intensities of peaks in Raman
scattering spectra allows for the identification of amorphous
chemical properties. Liu et al. employed Raman spectroscopy to
define the species present on the amorphous surface of FeS2
microspheres.[76] As shown in Figure 5A, the peaks observed at
337 and 370 cm−1 were assigned to the characteristic signatures
of pyrite FeS2. Following OER, the reduced intensity of these
peaks suggested the self-transformation of FeS2, while the ap-
pearance of characteristic peaks corresponding to FeOOH indi-
cated the formation of new species. Similarly, two peaks ≈478 and
556 cm−1 were observed in the Raman spectra of reconstructed

Co, Cl-NiS, associated with the chemical bonding of Ni-O in the
NiOOH phase.[77] The formed NiOOH on the amorphous struc-
ture contributed to the ethylene glycol electrooxidation reaction.
Moreover, the additional broad peak at ≈1050 cm−1 on the re-
constructed B,Co-NiS indicated the presence of NiOO−, further
confirming the formation of NiOOH.[78]

In situ Raman measurements were performed to illustrate
the real-time evolution of amorphous species during the electro-
chemical process, assisting in uncovering the active sites in elec-
trocatalysis. Xiong et al. utilized in situ Raman spectroscopy to in-
vestigate the generation of amorphous species on the NiNPS.[79]

As displayed in Figure 5B, the peaks related to Ni-OH and Ni-
O were detected at the applied potential of 0.2 V. The detec-
tion of NiOOH peaks at potentials between 0.3 and 0.5 V im-
plied an additional phase transformation as the applied poten-
tial increases. Significant Raman shifts of NiOOH were main-
tained during the OER process. Upon reducing the potential,
NiOOH underwent a reversible transformation into Ni hydrox-
ide and NiO. The amorphous layer contained both Ni hydrox-
ide and NiO in the post NiNPS. Therefore, in situ Raman re-
veals that the NiOOH serves as the active species during oxy-
gen evolution. In situ Raman spectra can also be employed to
explore the dynamic evolution of reconstructed species over time.
Stable Raman shifts of NiOOH were detected on the surface of
Au@NiSx after 30 minutes of reconstruction (Figure 5C).[80] In
situ Raman spectroscopy is a frequent method to investigate the
mechanisms underlying in situ amorphization. Zheng et al. re-
ported that in situ Raman spectra taken during the OER and
5-hydroxymethylfurfural oxidation (HMFOR) showed character-
istic peaks of amorphous NiOOH in both reactions.[81] During
OER, these peaks were detected starting at 1.1 V versus RHE,
whereas in the HMFOR process, NiOOH peaks only appeared at
higher potentials (>1.45 V). Therefore, the author speculated that
active NiOOH oxidizes HMF reactants at lower potentials com-
pared with OER, followed by its reduction back to Ni2+, confirm-
ing the evolution of NiOOH as active sites in HMFOR. In situ
Raman spectroscopy measurements could be performed to elu-
cidate the amorphization behavior of various electrocatalysts.[82]

Compared to Ni2P4O12, amorphous species in Ir/Ni2P4O12 ap-
peared after fewer activation cycles, and the peaks of amorphous
NiOOH were stronger after 50 activation cycles. Ir/Ni2P4O12 ex-
hibited enhanced electrochemical activity.

Apart from Raman spectroscopy, FT-IR is employed as a tool
for analyzing the evolution of chemical functional groups of cata-
lysts during in situ amorphization.[83] The distinction in molecu-
lar absorption spectra between the pre-catalyst and reconstructed
catalyst enabled the identification of catalyst reconstruction and
the amorphous species form. Yang and colleagues utilized FT-
IR spectroscopy to explore the functional group states of Fe-Ni-
Co-MOF during the activation process.[84] The absorption peak
at 2976 cm−1, associated with 2-methylimidazole in the pristine
Fe-Ni-Co-MOF, was significantly weakened and ultimately disap-
peared, indicating a disruption in the structure of the MOF. 1,4-
terephthalic acid transitions from acting as a bridging ligand to
adopting monodentate and bidentate coordination forms. This
change was evidenced by the positions of the carboxylate group’s
asymmetric and symmetric stretching vibration peaks at 102
and 252 cm−1, respectively. The observed spacing of these peaks
suggests that the bidentate mode is associated with the
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Figure 5. A) Raman spectra of pristine FeS2 and amorphized FeS2.[76] Copyright 2023, Elsevier. B) Chronopotentiometric analysis of NiPPS with an
applied current at 0.5 mA (left), corresponding to the in situ Raman spectra at distinct potential (right).[79] Copyright 2019, Wiley. C) Operando Raman
spectra of Au@NiSx recorded during the GOR process. D) High-resolution XPS spectra of Ni 2p.[80] Copyright 2023, Wiley. E) XANES spectra and
F) EXAFS spectra constructed in magnitude R space of the catalyst after pretreatment and usage.[30a] Copyright 2021, American Chemical Society. G)
Structural schematic diagram of crystalline erythrite and amorphous cobalt oxide layer.[63] Copyright 2021, Wiley. H) Operando XANES and I) FT-EXAFS
spectra of LCF at Co K-edge with applied potential in alkaline solution.[87] Copyright 2018, Royal Society of Chemistry.

crystalline-amorphous boundaries, whereas the monodentate
mode occurs within the amorphous phase. Furthermore, the
breakdown of coordination bonds between organic ligands and
metal ions, facilitated by OH− groups, resulted in the attenu-
ation of absorption peaks at 754 and 547 cm−1, reflecting the
degradation of Co2Fe-O/Co2Ni-O clusters during electrochemi-
cal activation of Fe-Ni-Co-MOF. Importantly, the appearance of
new absorption peaks at 582 cm−1 for M-O was attributed to
the formation of metal oxides/hydroxide species in the amor-
phous regions. FTIR analysis can also identify the characteristics
of in situ-formed amorphous species present in LiCoBPO and
pakhomovskyite.[69,85]

3.4. X-Ray Photoelectron Spectroscopy and Absorption
Spectroscopy

The amorphization of catalysts is generally associated with the
formation of new phases during electrocatalysis, leading to vari-

ations in the chemical environment and electronic structure of
the components. X-ray photoelectron spectroscopy and absorp-
tion spectroscopy are important techniques to unveil the evolu-
tion of catalyst’s surface chemical properties and provide insights
into the amorphous species.

X-ray photoelectron spectroscopy (XPS) analysis has been ap-
plied to gain insight into the chemical states of the in situ gen-
erated amorphous layer. Hus et al. detected the generation of an
amorphous species on the Au@NiSx during the glycerol oxida-
tion reaction (GOR).[80] XPS analysis revealed a peak correspond-
ing to Ni3+ on the amorphous surface (Figure 5D). This obser-
vation suggests a transition in the valence states of Ni species
from Ni2+ to Ni3+ during the amorphization process. In the cor-
responding high-resolution O 1s and S 2p spectra, a pronounced
strengthening of the nickel-oxygen (Ni-O) and sulfur-oxygen
(S=O) bonds was observed, providing additional evidence for the
oxidation of the Au@NiSx. After the Ar+ bombardment, the ab-
sence of Ni3+ in XPS spectra indicated that the amorphous layer
has a depth of only a few nanometers.

Adv. Funct. Mater. 2024, 34, 2405270 2405270 (9 of 47) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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X-ray absorption near edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) techniques are highly
effective in exploring the electronic and geometric structure of
amorphized electrocatalysts, respectively. Nikolla et al. employed
XANES and EXAFS to detect changes in the chemical environ-
ment of Co ions in various reconstructed catalysts.[30a] The pre-
edge feature and energy position in XANES spectra reflected the
average oxidation state of Co. The identification of the amor-
phous Co-OOH phase on the reconstructed catalyst was based
on the overlapping signature XANES features of Co-OOH with
emerging features (Figure 5E). Additionally, linear combination
fitting analysis of the XANES spectra was performed to deter-
mine the proportion of amorphous Co-OOH present. EXAFS
spectra were applied to indicate the changes in the local coordi-
nation environment of the catalyst. As depicted in Figure 5F, the
peaks in the FT-EXAFS at Co K-edge were related to the distance
of the Co atom, which is assigned to the coordination environ-
ment of Co. The amorphization of electrocatalysts induced a dis-
ruption for the long-range order of Co-Co distance (Figure 5G),
which could be reflected in the FT-EXAFS fitting results.[63] The
Debye-Waller factor obtained from the EXAFS fitting quantifies
disorder within the crystal lattice, where deviations from the per-
fect alignment of atoms in the fcc structure increase the Debye-
Waller factor.[51,86] According to the fitting results, the coordina-
tion numbers of Co cations could also be calculated.[69] The disor-
der in atomic arrangement and defect formation associated with
amorphization in electrocatalysts can be characterized using EX-
AFS spectra.

In situ/operando XAS technologies unveil the evolution of the
atomic scale structure during the electrochemical amorphization
process. For instance, a 2 nm-thick amorphous layer emerged
on the catalyst LaCo0.8Fe0.2O3−𝛿 (LCF) after the OER process.[87]

Operando XAS at the Co/Fe K-edge was conducted to capture
the development of the surface electronic structure in a self-
developed electrochemical cell. Analysis of the operando XANES
spectral indicated a gradual shift in the absorption edge, suggest-
ing a change in the Co oxidation state as the applied potential
increased (Figure 5H). At a potential of 1.52 V, the position of
the absorption edge closely resembled that of the CoOOH ref-
erence, suggesting that the cobalt ions were predominantly in
a trivalent state. The analysis of k3-weighted FT-EXAFS spec-
troscopy at the Co K-edge revealed a gradual disappearance of the
metallic Co-Co/Fe coordinated peak at ≈2.2 Å with increasing ap-
plied potential (Figure 5I). Additionally, distinct peaks matched
with Co-O and Co-Co bonds in edge-sharing trivalent cobalt ox-
ides/hydroxides were observed at high potential, suggesting the
generation of CoOOH during the electrochemical oxidation pro-
cess. Similar changes in iron can be observed through these
operando XAS technologies at the Fe K edge. The author iden-
tified the amorphous layer as containing (Co/Fe)O(OH) species.

Analyzing the in situ XANES and EXAFS spectra of differ-
ent electrocatalysts can uncover the factors affecting amorphiza-
tion behaviors. An increase in the valence state of Co in both
CoFe0.25Al1.75O4 and CoAl2O4 was observed in the in situ Co K-
edge XANES studies, which was reflected by the shift in the K-
edges.[88] A significant valency increment in CoFe0.25Al1.75O4 was
observed at lower potentials, whereas CoAl2O4 exhibited simi-
lar behavior only at higher potentials. In situ Co K-edge FT EX-
AFS spectra indicated that applying a potential of 1.5 V led to a

higher ratio of octahedral coordination in CoFe0.25Al1.75O4 com-
pared to CoAl2O4, suggesting a more complete transformation
into amorphous oxyhydroxide. This suggests that Fe substitution
facilitates the formation of amorphous species, thereby improv-
ing the catalyst’s performance. In situ/operando XAS was highly
effective for characterizing the amorphization processes of other
catalysts, such as NiFe Prussian blue analogue,[35b] bimetallic car-
bide Mo6Ni6C,[44] and Ba0.5Sr0.5Co0.8Fe0.2O3−𝛿 .

[89]

Characterizing the in situ amorphization of electrocatalysts of-
fers a crucial perspective in the field of catalysis research. By lever-
aging a diverse array of advanced characterization techniques,
including XRD, TEM, XPS, XAS, and Raman spectroscopy, re-
searchers have gained a profound insight into the dynamic struc-
tural changes occurring within catalysts during electrochemical
processes. Such approaches not only shed light on the formation
and behavior of amorphous species but also unravel the intricate
mechanisms underlying catalyst evolution under varying electro-
catalytic conditions. Through a detailed exploration of these char-
acterization techniques, the perspective on in situ amorphization
transcends mere observation, offering a deeper understanding of
catalyst performance, stability, and the tailored design of efficient
electrocatalytic systems for sustainable energy applications.

4. Regulation of In Situ Amorphization Process

In situ amorphization during electrochemical processes leads to
the formation of new phases that significantly impact the cat-
alytic performance. Typically, the active sites are primarily lo-
cated within the in situ amorphous structure.[90] The gradual
progression of amorphization from the surface toward the bulk
populates the number of active sites, while excessive amorphiza-
tion may induce deterioration of catalytic activity.[21] Amorphous
species possess high intrinsic activity because of their disor-
dered and unsaturated coordination structures. However, their
introduction can lead to poor conductivity and insufficient sta-
bility in harsh electrochemical conditions.[91] A too-thin layer
of in situ formed amorphous species may have limited activ-
ity, whereas a too-thick layer might cause the conductive struc-
ture to collapse.[92] Yang’s group studied the interfacial charge-
transfer behavior of amorphized Lu2Ir2O7 through electrochem-
ical impedance spectroscopy (EIS). They found that the amor-
phous (oxy)hydroxide IrOOH is conducive to electronic trans-
fer during the OER. Nonetheless, excessive amorphization led
to an increase in charge-transfer resistance.[93] The high electro-
catalytic activity of amorphized catalysts in both OER and HER
is attributed to the balance between having adequate active sites
and maintaining good conductivity.[22,94]

Thus, manipulating amorphization presents a crucial step to-
ward achieving efficient and stable electrocatalysts. This section
elucidates specific principles for optimizing amorphization, fo-
cusing on two critical aspects, namely precatalyst regulation and
external test conditions.

4.1. Precatalyst Modulation

Since the reconstruction of electrocatalysts is closely linked with
their physicochemical properties,[95] many strategies, including
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Figure 6. A) A schematic representation of the synthesis process for Co0.8Fe0.2P@C and its subsequent amorphization process. B) Ex situ XRD patterns
a) and Raman spectra b) for the Co0.8Fe0.2P@C in different reaction times. Raman mapping images corresponding to the peaks in Figure b after 90 min of
electrochemical activation c). C) Polarization curves a) and corresponding current density at 1.525 V versus RHE b) were recorded for the Co0.8Fe0.2P@C
following electrochemical oxidation at various time points (1, 5, 15, 45, and 90 min). Inset: schematic depiction illustrating the structural amorphization
process of Co0.8Fe0.2P@C along with electrochemical oxidation.[18a] Copyright 2020, Wiley. D) Structural models for FeOOH and FeOOH doped with
selenium, the colors orange, red, and green denote the Fe atoms, O atoms, and Se atoms, respectively a). The free energy profiles for FeOOH with
and without Se atoms during the OER at 1.23 V (b).[102] Copyright 2019, American Chemical Society. E) A schematic diagram illustrating the in situ
generation of an amorphous layer on the Ni3B catalyst.[104] Copyright 2019, Royal Society of Chemistry. F) Electrochemical sweep on Co3C led to in situ
amorphization, resulting in the change of OER overpotentials (𝜂). Red curve represents data based on geometric electrode surface area, while blue curve
corresponds to data based on electrochemically active surface area (ECSA).[38] Copyright 2018, American Chemical Society.

modulation of precatalysts’ chemical composition, crystallinity,
and surface structure, have been developed to shape the in situ
amorphization process during the electrocatalytic process.

4.1.1. Anions Regulation

Many metal non-oxide materials, such as metal chalcogenides,
metal pnictides, and borides, exhibit noticeable in situ recon-
struction under electrocatalysis, resulting in the generation of an
amorphous structure, unlike their oxide counterparts.[96] Metal
non-oxide catalysts, characterized by weaker M-X (X = S, Se,
Te, P, N, B) bonds compared to M-O bonds, are more suscep-

tible to electrochemistry-induced reconstruction than their oxide
counterparts.[97]

The substitution of metal oxide with metal non-oxide would
help to initiate the reconstruction of catalysts. For example, the
complete phosphorization of metal materials was applied to the
fabrication of amorphous (oxy)hydroxides during electrocataly-
sis. Qiu et al. reported that Co0.8Fe0.2P@C synthesized by low-
temperature phosphorization of CoFe-layered double hydroxides
coated with a polydopamine shell (CoFe-LDH@PDA) underwent
phosphate leaching and induced structural reconfiguration dur-
ing OER (Figure 6A).[18a] Analysis of the XRD pattern and Raman
spectra of Co0.8Fe0.2P@C revealed the weakening and disappear-
ance of Co-P peaks (Figure 6B). No new peaks of the crystal phase
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emerge in the XRD pattern as the prolonged oxidation treatment
time, and peaks of Fe-O and Fe-OH gradually became stronger
in the Raman spectra. This process ultimately results in lattice
distortion and in situ amorphization of the catalyst. Eventually,
full amorphization of Co0.8Fe0.2P@C was achieved through the
complete leaching of phosphorus species (Figure 6C). In con-
trast, for crystalline CoFe oxyhydroxide, only surface reconstruc-
tion occurred. The amorphous Co0.8Fe0.2OOH@C demonstrates
efficient oxygen evolution. It should be noted that many phos-
phides only induced an amorphous layer during the in situ elec-
trochemical activation, such as hyperbranched NiCoP,[98] hierar-
chical flower-like NiCoP,[99] and NiFeP.[100]

Other metal non-oxide, such as sulfides, selenides, and
borides, have been utilized as electrocatalysts due to their in-
trinsic chemical nature.[101] These properties also enable them
to undergo conversion to amorphous (oxy)hydroxides during the
electrocatalysis. The formation of Ni(OH)2/NiOOH heterojunc-
tion, achieved via selenium leaching of NiSe2 during both HER
and OER in an alkaline condition, enhanced the water splitting
performance.[48] Furthermore, Wang and colleagues synthesized
amorphous Se-doped FeOOH through in situ electrochemical
reconstruction of the FeSe precatalyst, leading to a lower en-
ergy barrier for the rate-determining step during the OER pro-
cess compared with FeOOH (Figure 6D).[102] Borides can also
regulate the formation of an amorphous phase while retaining
metaborate, thereby enhancing the catalytic performance of the
amorphous species.[103] Unlike pristine nickel, Ni3B facilitates
amorphization during OER.[104] The surface of Ni3B was pre-
dominantly occupied by an amorphous layer with a thickness of
30–50 nm, whereas nickel plates exhibited a rough surface with
a 2 nm-thick amorphous layer after OER. Moreover, the amor-
phous (oxy)hydroxide layer containing metaborate species opti-
mizes the catalytic activity of the catalyst (Figure 6E). Cheng et al.
also reported that the in situ-formed amorphous (oxy)hydroxide
with oxyanions has a higher electrocatalytic activity compared to
the counterpart with additive oxyanions on (oxy)hydroxide.[105]

Thus, the rational design of anions for non-oxide metals could
regulate the constituents and activity of the amorphous phase.

For metal non-oxides, in situ amorphization leads to the for-
mation of (oxy)hydroxides is a common phenomenon. However,
some studies also suggest in situ formation of amorphous oxides
in these materials. In harsh electrolytes for electrocatalytic oxida-
tion, metal non-oxides are typically partially or fully oxidized to
the corresponding amorphous metal oxides. For example, Co3C
was fully converted into amorphous CoOx as a result of the elec-
trochemical sweep (Figure 6F).[38] Amorphous metal oxides also
can be formed in the CoS,[106] NiS,[62] and Mn3N2 systems,[39] dur-
ing the electrochemical process.

Alternatively, incomplete sulfur (S) leaching of sulfides can
lead to the generation of amorphous oxysulfide during in situ
electrochemical processes. Liu et al. engineered a spinel NiCo2S4
catalyst by substituting sulfur (S) anion for NiCo2O4, which pos-
sesses a metastable spinel structure. This structure facilitates
its amorphization under electrocatalysis (Figure 7A).[107] How-
ever, NiCo2O4 with a robust spinel structure shows minimal
change after OER. Given that S is bonded to both Co and Ni
sites in the NiCo2S4 spinel structure, alterations in the Co and
Ni atom’s coordination environment were detected in the ex-
tended EXAFS spectra and analyzed through wavelet transform

(WT). Co-O bonds emerged during amorphization as sulfur dis-
solved from Co-S, while S bound to the Ni site remained, demon-
strating the formation of amorphous oxysulfide after the reac-
tion (Figure 7B,C). The oxysulfide structure, comprising both
oxygen and sulfur anions, demonstrates superior inherent elec-
trocatalytic activity for OER compared to structures with a sin-
gle anion. Similar surface oxysulfide was also observed during
the in situ amorphization of Ni3S2.[108] On the amorphous sur-
face, the distribution of Ni, S, and O suggested that sulfur anions
diffused from the bulk to the surface during prolonged electro-
chemical activation (Figure 7D). The rapid oxidation of sulfides
occurring on the surface created a concentration boundary layer,
which induced ion diffusion along the gradient (Figure 7E). Con-
sequently, the amorphous oxysulfide shell emerged because of
Fick’s second law. Figure 7F illustrates the structure evolution
process with the sulfur anionic regulation. This process results
in the establishment of stable oxysulfide shells, which create ef-
ficient active sites for oxygen evolution.

The unstable of metal non-oxides can promote in situ amor-
phization during electrocatalytic reaction, leading to the forma-
tion of various amorphous structures. Furthermore, the introduc-
tion of heteroatoms, such as phosphorus, sulfur, selenium, which
typically possess lower electronegativity than oxygen, serves to
optimize the precatalyst’s electronic structure, thereby impact-
ing the amorphous reconstruction. Fan and coauthors reported
that S doping on the NixFey(OH)2 (S-NiFeLDH) could decrease
the energy barrier for precatalyst reconstruction and enhance its
transformation to amorphous NiOOH.[109] The amorphization
in S-NiFeLDH is more pronounced than in NiFe-LDH. In the
case of precatalysts with stable crystalline structures, the leach-
ing of dopants benefits surface amorphization during the elec-
trochemical activation. Liu et al. discovered that phosphorus-
doped NiFe2O4 could promote the amorphization process to form
amorphous oxyhydroxides.[110] Depth-profiling X-ray photoelec-
tron spectroscopy technique (DP-XPS) was employed to explore
the breakdown of metal-phosphorus (M-P) bonds following elec-
trochemical activation, revealing a noticeable variation in P con-
tent from the surface layer of the catalyst to the bulk (Figure 7G).
The dynamic alteration of phosphorous content could lead to the
formation of an amorphous layer. Even in neutral electrolyte con-
ditions, the surface of LiCoPO4 can transform into an amorphous
structure, accompanied by phosphorus leaching during CV test-
ing. In contrast, LiCo2O4 was restructured into a spinel-like struc-
ture at pH 7.[27] The dopant fluorine anion, being highly elec-
tronegative, induces the formation of amorphous species with
excellent electrocatalytic activity.[111] Fluorine-doped NiFe electro-
catalysts prompted the formation of a thicker amorphous shell
and the creation of defects within it, exhibiting elevated intrin-
sic electrochemical activity (Figure 7H,I).[112] The formation of
amorphous species could also be triggered by the leaching of
other anions dopants, such as chlorine,[113] selenium,[114] and
tellurium.[115]

Furthermore, the incorporation of oxygen-containing anions
into electrocatalysts could regulate its electronic structure, facili-
tating the formation of (oxy)hydroxides and enhancing electrocat-
alytic activity, such as borate ions (BO3

3−) and [Cr(C2O4)3]3−.[116]

Under the potential induction in strongly alkaline conditions, the
complete loss of phosphate in Co3(OH)2(HPO4)2 could give rise
to an amorphous CoOx(OH) structure in both OER and HER.[50]

Adv. Funct. Mater. 2024, 34, 2405270 2405270 (12 of 47) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 39, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202405270 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [06/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 7. A) Schematic representation of the reconstruction mechanism occurring on NiCo2S4. Morlet wavelet transform of the k3-weighted B) Co K-
edge EXAFS and C) Ni K-edge EXAFS spectra for post NiCo2S4, respectively.[107] Copyright 2023, Wiley. D) Depth-profiling of auger electron spectroscopy
analysis reveals elemental content within Ni2S3 following different durations of OER activation. E) Formation of oxysulfide layer via ion diffusion under
electrochemical activation. F) Full scenario to illustrate the generation of oxysulfide amorphous layer under the OER conditions.[108] Copyright 2022, Royal
Society of Chemistry. G) XPS core level spectra of P 2p corresponding to various Ar+ etching periods.[110] Copyright 2020, Royal Society of Chemistry.
H) Comparison of surface reconstruction and I) turnover frequency (TOF) value for NiFe-electrocatalyst with and without F doping after electrochemical
activation.[112] Copyright 2021, American Chemical Society.

The introduction of heteroatoms renders the catalyst more
prone to amorphization during electrochemical activation, pri-
marily due to the in situ self-leaching of these heteroatoms. On
the other hand, the incorporation of heteroatoms may lead to the
leaching of other ions or co-leaching with other elements, ma-
nipulating the amorphization processes. The doping of chlorine
regulates the amorphization process of LiCoO2 (Figure 8A), re-
ducing the applied potential to initiate in situ Co oxidation and
delithiation during the OER, rather than inducing amorphization
through Cl leaching.[117] As shown in Figure 8B, an amorphous
Co (oxy)hydroxide layer was observed on the cycled LiCoO1.9Cl0.1,
progressively thickening on the cycled LiCoO1.8Cl0.2. The amor-
phous layer exhibited similar atomic ratios of cobalt and chlorine
as the pristine catalyst (Figure 8C), indicating minimal loss of
Cl and Co during amorphization. In contrast, facile and rapid

lithium extraction from LiCoO1.8Cl0.2 was noted through the in-
ductively coupled plasma mass spectrometry (ICP-MS) analy-
ses (Figure 8D). Furthermore, cobalt oxidation of LiCoO1.8Cl0.2
could be fully completed at 1.5 V versus RHE, preventing fur-
ther oxidation to Co4+ (Figure 8E,F). The amorphous structure
can terminate the surface amorphization by preventing further
Li extraction and Co oxidation, thereby manipulating the dy-
namic surface reconstruction. The surface of cycled LiCoO2 un-
derwent reconstruction into spinel-type Li1±xCo2O4 (0 < x < 1).
Figure 8G,H show the Density functional theory (DFT) calcula-
tion results, Cl doping shifted the reconstruction reaction path
largely downhill, rendering delithiation energetically favorable.
On the contrary, more energy was required for cobalt oxidation
and lithium extraction during the electrochemical activation of
LiCoO2.
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Figure 8. A) Schematic illustration of the variance in surface reconstruction between LiCoO2 and LiCoO1.8Cl0.2 during electrochemical activation. B) TEM
images of the Post-LiCoO2−xClx (x = 0, 0.1 or 0.2) after electrochemical cycles. C) HAADF-STEM image and EDS mapping for the surface amorphous
region of LiCoO1.8Cl0.2. Inset: EDS line cut. D) The amount of Li in the solution after electrochemical cycles. E) XANES spectra at the Co K-edge of
LiCoO1.8Cl0.2 with the applied potential. F) Variations value in Co K-edge shifts at different potentials for LiCoO1.8Cl0.2. Energy profile calculated for the
reconstruction reaction of G) LiCoO2, and H) LiCoO1.8Cl0.2 at 1.6 V versus RHE.[117] Copyright 2021, Nature Portfolio. I) HR-TEM images accompanied
by line-scan energy dispersive spectrometer pattern and mappings of Ni, Mo, O, and S elements of reconstructed NiMoOS.[118] Copyright 2022, Wiley.

Furthermore, the co-leaching of heteroatoms can also acceler-
ate the formation of amorphous species. The introduction of S
dopant in NiMoOS accelerated the dissolution of MoO4

2− dur-
ing OER activation, thus an amorphous structure was quickly
formed through crystal collapse.[118] The reactive M-S coordina-
tion destabilized the outer layer during electrochemical activa-
tion, leading to the co-leaching of Mo and S species for fast re-
construction (Figure 8I). A similar co-leaching phenomenon can
be observed in P-doped NiS,[119] CoP3-NiS nanowire arrays,[120]

and B,Co-NiS.[78] Moreover, the doping of S in CoP results in the
formation of oxides/hydroxides containing sulfur.[121] The author
explained that the S in CoP exhibits higher oxidation resistance
compared to P during the OER process. Variations in heteroatom
doping among electrocatalysts can lead to the formation of di-
verse amorphous structures, which influence the electrochemi-
cal conversion of organic molecules or facilitate water splitting.

In the process of anion regulation, the increased instability of
the catalyst leads to the in situ amorphization with the dissolu-
tion of anions. However, there has not yet been systematically
investigated how different anions and doping methods induce
varying degrees of amorphization and affect the activities of the
amorphous species. Furthermore, it can also be inferred that the
composition of different cations ultimately influences the in situ
amorphization process.

4.1.2. Cation Regulation

Strategies involving metal cation substitution or doping can sig-
nificantly improve the electrocatalytic activity of otherwise inac-
tive electrocatalysts.[88] This approach could influence the sta-
bility of precatalysts and facilitate the involvement of lattice
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Figure 9. A) Crystal structure changes of the Ni-substituted ZnCo2O4. B) iR-corrected potential (vs RHE) at the fixed current density for
ZnCo2−xNixO4 (x = 0.0, 0.2, 0.4, 0.6, 0.8) after different electrochemical cycles.[122] Copyright 2019, Wiley. C) In situ Raman spectroscopy of Ni0.8Fe0.2PS3
at various applied potentials. D) Intensity of NiOOH peaks in the in situ Raman spectra for NixFe1−xPS3 under different potentials.[127] Copyright 2023,
Royal Society of Chemistry. E) Characterization of Fe-Ni3S2 and Ni3S2 via in situ Raman spectroscopy. F) Schematic diagram illustrating the phase
transformation of Fe-Ni3S2 during electrochemical activation.[130] Copyright 2022, Wiley. Comparison of high-resolution XPS spectra of the P 2p for G)
Ni2P4O12 and H) Ir/Ni2P4O12 before and after electrocatalytic reaction.[82] Copyright 2023, Wiley.

oxygen, thereby regulating the amorphization process during the
electrocatalytic process. Xu’s group discovered that substituting
Ni into ZnCo2O4 spine structure (ZnCo2−xNixO4) led to instabil-
ity and the absence of a spinel structure (Figure 9A).[122] The
amorphization of ZnCo2−xNixO4 after 1000 electrochemical cy-
cles, driven by its instability, triggered a change in the overpoten-
tial at 25 μA cm−2 (Figure 9B). The ratios between metal cations
as well as the ratios between metal cations and anions could influ-
ence the degree of amorphization. For example, an amorphous
surface can be formed on the Ba0.5Sr0.5Co0.8Fe0.2O3−𝛿 (BSCF),[123]

whereas the Ba4Sr4(Co0.8Fe0.2)4O15 maintains its crystal structure
during the OER process.[124] Similarly, the amorphous phenom-
ena are more pronounced in Ni2P5 compared to Ni2P,[125] and in
W2CoB2 compared to WCoB.[126]

The optimal stoichiometry of the cation dopant accelerates the
formation of active species on the amorphous layer. Fe-doped
Ni thiophosphate (NixFe1−xPS3) underwent in situ surface amor-
phization, resulting in the formation of amorphous oxide lay-
ers at low applied potential.[127] In situ Raman spectroscopy

measurements indicated that the applied potential for develop-
ing amorphous NiOOH was lower on Ni0.8Fe0.2PS3 compared
to other NixFe1−xPS3 (Figure 9C). Therefore, more amorphous
NiOOH species were generated for Ni0.8Fe0.2PS3 (Figure 9D). Ad-
ditionally, the regulation of Fe in NiPS is advantageous for in-
ducing the formation of an amorphous layer on Ni0.85Fe0.15PS,
facilitating the presence of metal sites at the near-surface area
with a relatively high valence state.[128] Varying compositions
of metal cations can regulate the electronic structure of per-
ovskites, thereby influencing the reconstructed structures. Yang
and coworkers reported that Sr4Mn2CoO9 exhibited a larger sur-
face amorphization region compared to Sr6Co5O15, in contrast
to the crystalline stability observed in LaCoO3.[129] However, the
underlying reason for amorphization triggered by metal substi-
tution requires additional investigation.

Regulating the metal ratio in precatalysts can alter the elec-
tronic structure, influencing the amorphization process and the
activity of amorphous species during in situ electrochemical ac-
tivation. In addition, metal doping or substitution can modify
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Figure 10. Operando Raman spectra of A) V-NiS and B) NiS during the electrochemical activation process. C) Density functional theory calculations of
Bader charges for NiS and V-NiS. D) Schematic of the evolution of amorphous structure induced by vanadium leaching of V-NiS.[49] Copyright 2023,
American Chemical Society.

the dissolution of the unstable phase, thereby affecting the gen-
eration of the amorphous phase. Ren and co-authors demon-
strated that Fe-doped Ni3S2 accelerated the generation of amor-
phous NiOOH species, along with residual sulfur.[130] As revealed
by in situ Raman spectra, the dissolution of S was inhibited by
the incorporation of Fe (Figure 9E). The presence of substantial
residual S in Fe-Ni3S2 led to an extended Ni-O bond in NiOOH,
enhancing electrocatalytic activity for both oxygen evolution re-
action and urea oxidation reaction (Figure 9F). The prevention
of sulfur leaching can also be observed when Fe is doped into
NiO/NiS2.[131]

At times, the introduction of metal elements expedites the re-
lease of unstable components, promoting the amorphization pro-
cess. Zhou et al. proposed decorating individual metal atoms
(Ir) on Ni2P4O12 to facilitate the leaching of PO4

3−, achiev-
ing a much thicker amorphous structure on Ir/Ni2P4O12 than
on Ni2P4O12.[82] In situ Raman spectroscopy demonstrated that
Ir/Ni2P4O12 required fewer activation CV cycles to generate
amorphous NiOOH species. Additionally, it exhibited signifi-
cantly stronger NiOOH signals after 50 CV cycles, implying en-
hanced electrochemical amorphization in Ir/Ni2P4O12. XPS anal-
ysis indicated an increase in PO4

3− leaching with the incorpora-
tion of single Ir atoms into Ni2P4O12 (Figure 9G,H), reinforcing
the reconstruction to form amorphous active species. Theoretical
calculations revealed a significant reduction in the energy barri-
ers to release PO4

3− from the surface of Ni2P4O12 in the presence
of an Ir atom. Similarly, other metal cation dopants can also en-
hance the leaching of unstable elements, leading to their transfor-

mation into amorphous species, such as chromium-doped nickel
sulfide.[132]

The introduction of unstable cations into precatalysts can in-
duce highly efficient amorphization through their leaching dur-
ing the electrochemical process. Pan et al. modified NiS by in-
troducing vanadium cations, facilitating the formation of amor-
phous NiOOH through in situ V leaching at a lower potential.[49]

Operando Raman spectra in Figure 10A identify the generation
process of NiOOH, originating from the breakdown of the V-S
bond with the oxidation of V. The cleavage of V-S bonds led to
S leaching and the oxidation of Ni before reaching a potential
of 1.2 V. In contrast, the active transformation of NiS to NiOOH
took place at high applied potentials (Figure 10B). DFT calcula-
tions were employed to investigate the leaching mechanism of V
at low potential. The Bader charge analysis revealed that the sub-
stituted V (1.246 e) has a much higher charge than the original
Ni (0.389 e) (Figure 10C), leading to an orderly increase in the
degree of ionization that enhances the leaching of the catalyst.
Figure 10D illustrates the amorphization process of V-NiS. The
doping of unstable V induced changes in electron distribution,
making the cleavage of V-S bonds more susceptible. Amorphous
species formed by V leaching facilitated the electrocatalytic pro-
cess. The leaching of unstable cations to accelerate the generation
of amorphous structures has been observed in other studies. The
V leaching in V-doped Ni2P created a disordered Ni structure.[133]

Sacrificial W in CoFeW sulfide could induce metal cation va-
cancies, which benefited in situ reconstruction.[134] Qiu et al. re-
ported that the substitution of Fe into metallic nickel can facilitate
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Figure 11. A) FT-EXAFS spectra of Co K-edge a) and WT-EXAFS contour plots (b-e) of the pristine catalyst and the reconstructed catalyst. B) Cal-
culation of planar average electron density difference for CoS2/CuS. C) Free energy diagrams were theoretically calculated for CoS2@CoOOH and
CoS2/CuS@CoOOH/CuOOH at different applied potentials during the oxygen evolution process.[138] Copyright 2022, Cell Press. D) HAADF-STEM
images with lattice-resolved details illustrate the structure evolution for IrOx/9R-BaIrO3 during acidic OER(a-d). The inserted structures on the HAADF-
STEM images represent the simulated configurations of 9R-BaIrO3, featuring the exposed (001) facet and two face-shared IrO6 octahedral trimers
following the leaching of Ba. The green balls represent Ba, the blue balls represent Ir, and the red balls represent O.[142] Copyright 2021, American
Chemical Society. In situ Raman spectroscopy was performed on the E) CoP-Cu3P electrode and F) CoP electrode.[143] Copyright 2023, Royal Society of
Chemistry.

surface transformation into highly active FeNi-oxyhydroxides,
which was associated with the oxidation and partial leach out of
Fe atoms.[135] Moreover, Zn leaching in ZnCo2O4 enhanced the
amorphization of the near-surface part.[136]

Doping cations induce instability in electrocatalysts, leading
to their amorphization at lower potentials and the formation of
highly active amorphous phases. The types and proportions of
cations in precatalysts exert influence on their electronic struc-
ture, resulting in disparities in the development of amorphous
structure. Therefore, it is crucial to establish the relationship be-
tween the electronic structure of precatalysts and amorphous re-
construction in future research.

4.1.3. Phase Structure Tuning

Designing a heterostructure by combining different phases to
achieve mutual advantages is considered an effective method

for boosting the amorphization process and improving struc-
tural properties.[137] This section will discuss the influence of het-
erostructures on the amorphization process during electrocatal-
ysis.

The amalgamation of distinct phase for precatalysts supports
the in situ amorphization, thereby facilitating the formation
of highly active and stable amorphous species. Song et al. in-
troduced a heterostructure CoS2/CuS with a built-in electric
field, which rapidly amorphized into an (oxy)hydroxide during
electrocatalysis.[138] The peak of Co-OH was more pronounced
and intense in CoS2/CuS-post than in CoS2-post (Figure 11A).
The calculated formation energy of amorphous (oxy)hydroxide
on CoS2/CuS was notably lower than that on CoS2, indicating the
favorable growth of oxyhydroxide species along the heterointer-
face. Based on the calculated results of the planar average electron
density difference along the X-direction (Figure 11B), electrons
were transferred between CuS and CoS2 on the interface, caus-
ing holes to accumulate in CuS. This phenomenon suggested the
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formation of a built-in electric field within the catalyst through
charge polarization, thereby enhancing the rate of electron trans-
fer during the electrochemical reaction. A more intrinsically dis-
ordered atomic structure in the CoS2/CuS-post compared to the
CoS2-post enhanced energy conversion during electrocatalysis
(Figure 11C). Heterostructures that promote the generation of
amorphous phases have also been observed in other research
studies, such as NiFe2O4−x/NiMoO4

[139] and heterostructure cata-
lyst (W-CoO) wherein CoO nanowire arrays were hybridized with
tungsten nanoparticles.[140]

A heterostructure with electronic coupling effects facil-
itates the formation of amorphous oxyhydroxide species,
boosting electrocatalytic performance. Conversely, heterostruc-
ture SrCo0.8Fe0.5−xO3−𝛿/FexOy restricted Sr2+ leaching from
SrCo0.8Fe0.5−xO3−𝛿 , resulting in the formation of a thin amor-
phous CoFe (oxy)hydroxide layer, while retaining its perovskite
structure.[141] The single-phase SrCo0.8Fe0.5−xO3−𝛿 encountered
a more rapid and extensive surface Sr2+ dissolution during
OER, resulting in a thicker amorphous layer. The extensive
collapse of the perovskite structure would reduce the stability
of the catalyst. The author speculated that Fe3O4 interacts ro-
bustly with the perovskite phase to mitigate surface Sr2+ leach-
ing, attenuating the amorphization process. The modulation
of in situ-generated amorphous species by heterostructures of
the precatalyst highly depends on the properties of these two
phases.

Modulating the interfacial electronic structures of the het-
erostructure could influence the activity of in situ formed amor-
phous species. Highly active amorphous species can form on
the heterostructure electrocatalyst during electrochemical acti-
vation. Yan and coworkers reported that a heterostructure cat-
alyst, formed by anchoring IrOx particles onto the support cat-
alyst 9R-BaIrO3 (IrOx/9R-BaIrO3), promoted the formation of
amorphous high-valence Ir5+Ox species.[142] HAADF-STEM im-
ages in Figure 11D reveal the growth of an amorphous layer
with increasing cycles of CV. Simultaneously, the 9R-BaIrO3 layer
underwent Ba leaching, evolving into under-coordinated disor-
dered IrO6 octahedrons. Analyses of XPS spectra and XANES
spectra indicated that the surface of initial IrOx/9R-BaIrO3 het-
erostructure transformed into amorphous Ir4+OxHy/IrO6 octa-
hedrons and subsequently into amorphous Ir5+Ox/IrO6 octa-
hedrons. This transformation leads to significantly enhanced
acidic OER activity and stability compared to 9R-BaIrO3 and
IrO2. Furthermore, Jiang et al. observed that the CoP-Cu3P het-
erostructure facilitated in situ amorphization for the oxidation
of Co species to high valent state, which might act as the cat-
alytic center during GOR.[143] As shown in Figure 11E, F, the
development of an amorphous surface on CoP-Cu3P, featur-
ing high-valence Co species (Co3+/Co4+), initiated at 1.05 V. In
contrast, only a minimal amount of Co3+ emerged on the sur-
face of CoP once the voltage surpassed 1.2 V. Compared to cat-
alysts with pure phases, other catalysts featuring heterostruc-
tures, such as Ni3N/Ni@Ni3N,[66] and NiSe2/MoSe2,[144] sim-
ilarly enhance the activity of the in situ formed amorphous
species.

The heterogeneous structure of precatalysts is crucial in gen-
erating active amorphous structures, and the spatial composi-
tion within the heterogeneous structure further influences the
development of amorphous formations. Xi’s group investigated

the spatial arrangements in heterostructure electrocatalysts,[145]

like CoS1.97, CoS1.97-CeO2 and CeO2-CoS1.97, affecting the recon-
struction process during the water splitting. In the HR-TEM im-
ages (Figure 12A,B), CeO2-CoS1.97 formed a random amorphous
layer of CoOOH on CoS1.97 nanoparticles, whereas the CoS1.97-
CeO2 sample produced an amorphous layer dispersing CoS1.97,
CeO2, and CoOOH nanoparticles. The different electronic distri-
bution near the Fermi level in the 3D contour plot for CoS1.97-
CeO2 and CeO2-CoS1.97 might lead to a distinct amorphization
process (Figure 12C). As shown in the in situ Raman spectra
(Figure 12D–F), the broadened peaks of CoS1.97 in heterostruc-
ture indicate their decreased domain size and increased lattice
disorder. The heterostructure catalyst underwent reconstruction
as the applied potential increased, exhibiting different charac-
teristics between the CeO2-CoS1.97 and CoS1.97-CeO2. According
to the quasi-operando XPS spectra depicted (Figure 12G–I), the
oxygen-vacancy-rich CeO2 substrate on CeO2-CoS1.97 facilitated
the formation of amorphous CoOOH by reducing the transi-
tion energy barrier. Conversely, the presence of surface CeO2 on
CoS1.97-CeO2 led to the formation of crystalline CoOOH. There-
fore, the spatial arrangement of the two phases should be con-
sidered during the synthesis of heterogeneous catalyst materials.
The spatial distribution between these phases can affect electro-
catalysis performance, leading to the formation of unique recon-
struction structures.

Aside from heterostructures, the crystallinity of catalysts also
affects the structure reconstruction, and amorphous precatalysts
are more facile to initiate the in situ amorphization process.[146]

The flexible electronic structure and rich defective sites of amor-
phous catalysts allow for easier redox behavior and rapid ion dif-
fusion, resulting in a deep structural reconstruction during the
electrochemical process.[147] For metal non-oxide precatalysts, the
amorphous phase structure usually can accelerate the etching of
anion ligands (e.g., S, B, P) and promote the formation of sta-
ble and active species during electrocatalysis. Chen and coau-
thors reported that a mechanically milled catalyst (CuFeS2-BM),
featuring an amorphous layer on crystallized CuFeS2, induced a
complete transformation of initially sulfide species into an amor-
phous structure through prominent S dissolution under OER
conditions.[148] CuFeS2-BM exhibits excellent electrochemical
performance due to the in situ deep structure self-reconstruction,
while the transformation of the active phase in crystallized man-
ually milled counterpart (CuFeS2-HM) is restricted. The flexible
structure and abundant vacancies within the amorphous layer of
the precatalyst can reduce the energy required for the phase trans-
formation evolution. To further decrease crystallinity, a short
time would suffice to achieve complete structural reconstruc-
tion. Additionally, sun et al. applied an amorphous NiFe-borate
((NiFe-Bi) layer onto the NiFe-LDH nanoarray, enhancing the in
situ formation of amorphous active species on the NiFe-LDH
surface.[149] After OER electrolysis, a thicker amorphous layer
was formed for NiFe-LDH@NiFe-Bi compared to NiFe-LDH.
Comparable observations were reported for NiO@Ni-Bi[150] and
p-Co3O4@Co-Bi.[151]

Regulating the composition of precatalysts serves as a funda-
mental approach to controlling the amorphization process. The
regulation of anions and cations could influence the stability and
the electronic structure of the catalyst, controlling the degree
of amorphousness and the formation of different amorphous
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Figure 12. HR-TEM images of A) CeO2-CoS1.97 and B) CoS1.97-CeO2 following 24 h of chronopotentiometry OER tests at the current density of
10 mA cm−1. In situ Raman spectra of D) CoS1.97, E) CeO2-CoS1.97, F) CoS1.97-CeO2 at different applied potential (vs RHE). Potential (vs RHE) -dependent
Quasi-operando Co 2p XPS spectra for G) CoS1.97, H) CeO2-CoS1.97, I) CoS1.97-CeO2.[145] Copyright 2021, Wiley.

active species. Meanwhile, the composition of distinct phases and
interfacial electronic structure of heterostructure catalyst influ-
ence the development of the amorphous structure. However,
most research focuses on in situ amorphization with changes
in composition, overlooking the role of the precatalysts’ intrin-
sic chemical properties in amorphization. The relationship be-
tween precatalysts’ phase structures and amorphization kinetics
requires further exploration.

4.1.4. Morphology Regulation

In addition to deliberate design of composition and phase struc-
ture, another effective strategy for modifying the evolution of
amorphous structures during electrochemical activation involves
regulating morphology, including size, porosity, and distribution
density.

Nanoparticle size can optimize the electronic structure, ac-
celerating the evolution of active amorphous phases and si-
multaneously enhancing electrocatalytic activity. Xie et al. docu-
mented that La2NiMnO6 particles, ranging in size from ≈30 nm
to bulk (identified as LNMO-1, LNMO-2, and LNMO-3), man-
ifested distinct electrocatalytic activity and surface reconstruc-
tion characteristics.[152] The active amorphous oxide/hydroxide
phase on LNMO-1 nanoparticles progressively reached a thick-
ness of 5–8 nm after CV tests, whereas the amorphous layers
on LNMO-2 and LNMO-3 surface were thinner than the layer
observed on LNMO-1 (Figure 13A). Reducing the bulk particle
size of La2NiMnO6 catalysts to ≈33 nm revealed a decrease in the
manganese oxidation state and an increase in the nickel oxidation
state, as indicated by XPS and XANES analyses. The formation of
an active amorphous phase was facilitated by the emergence of
Mn3+ and Ni3+. Figure 13B indicated that the spin states of Mn3+

exhibited high-spin configurations, while those of Ni3+ showed
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Figure 13. A) HR-TEM images of pristine LNMO-1 and amorphized LNMO-x after 500 cycles. B) Schematic for the deformation of MnO6 and NiO6
octahedra.[152] Copyright 2018, American Chemical Society. C) AFM images of LNO nanoparticles dispersed across thin LNO films of varying densities.
D) CV scans before the onset of OER at different cycles for LNO-1 a), LNO-3 b), and LNO-5 c); Changes in the reconstructed potential before and after
different electrochemical cycles d). E) XPS spectra of O 1s for LNO-x. F) The changes in reconstructed potentials with respect to the oxygen vacancy
content of nanoparticle densities.[153] Copyright 2023, Wiley.

low-spin configurations, inducing strong Jahn-Teller distortion
of MnO6 and NiO6 octahedra. This distortion facilitates the gen-
eration of an active amorphous structure.

Furthermore, the distribution density of nanoparticles influ-
ences their amorphization process. Lv et al. demonstrated that
increasing the density of LaNiO3 (LNO) particles could reduce
the potential for the in situ generation of amorphous NiOOH.[153]

As shown in Figure 13C, the nanoparticle densities of LNO-x
could be observed in atomic force microscopy (AFM) images.
Electrochemical measurement (Figure 13D) indicated that both
LNO-3 and LNO-5 exhibited signs of the reconstruction reac-
tion. Meanwhile, increasing nanoparticle densities were found
to correspond with a decrease in the reconstruction potential.
O 1s spectrum of LNO-x indicated that the rise of particle den-

sity increases the oxygen vacancies (Figure 13E). Oxygen vacan-
cies exhibited a linear correlation with the reconstruction poten-
tial (Figure 13F), resulting in enhanced amorphization at high
particle density. The pore structure of the mesoporous catalyst
dictates the activity of the in situ generated amorphous phase.
Kaya et al. reported that mesoporous NiS2 with a crystalline phase
experienced rapid amorphization to generate a Ni-enriched sul-
fide film during HER.[154] The mesoporous structure with nar-
row pores inhibited the facile leaching of sulfurous species. Con-
versely, the nonporous NiS2 counterpart shows a complete ab-
sence of S2

2− species, resulting in lower HER activity in the gen-
erated Ni(OH)2.

Compared to the composition regulation strategy, the im-
pact of morphology on catalytic reconstruction has received less
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Figure 14. A) STEM images of LaCoO3 under cycling experiments at different potential ranges.[20] Copyright 2021, Nature Portfolio. B) Cr leaching of
CoCr2O4 after consecutive electrochemical activation at a 20 min interval. C) Oxygen contained in different chemical states for CoCr2O4 before and after
reconstruction at 1.64 V. D) Schematic representation of the surface evolution for CoCr2O4 with the Cr leaching. E) Non-concerted transfer of protons
and electrons on the amorphous surface of CoCr2O4.[32] Copyright 2021, Wiley.

attention. However, the regulation of morphology in nanoparti-
cle or nanoporous catalysts holds promise for promoting the in
situ development of an amorphous species and enhancing their
activity in electrochemical activation.

4.2. Electrochemical Conditions Alteration

According to Pourbaix diagrams, the equilibrium state of electro-
catalysts varies with specific electrode potential and solution pH
at a given temperature and electrolyte concentration.[155] Electro-
chemical conditions, such as applied potential, electrolyte, and
temperature, exert significant influence on the structure evolu-
tion of electrocatalysts toward thermodynamic equilibrium dur-
ing the electrocatalytic process. For example, elevated temper-
atures enhance mass transfer kinetics and electrolyte infiltra-
tion, thereby accelerating the reconstruction process and result-
ing in diverse outcomes. Mai et al. reported the complete re-
construction of NiMoO4 during the electro-oxidation at a high
temperature,[156] whereas only surface reconstruction occurred
at room temperature. Notably, the transformation into an amor-
phous structure has not been reported. On the other hand, pH
and electrolyte composition profoundly affect both the amor-
phization process and the properties of amorphous species.
Therefore, this section will explore the development of the amor-
phous structure by modulating electrochemical conditions.

4.2.1. Electrochemical Operational Parameter Manipulation

The surface evolution could be influenced by the electrochemical
operational conditions, such as applied potential states and elec-
trochemical activation methods. The degree of amorphization
shows a significant dependency on the potential range. When

a higher overpotential of up to 1.9 V was applied, an evident
Co-deficient amorphous layer became observable on the LaCoO3
thin films (Figure 14A).[20] Unfortunately, the amorphous layer
formed through dissolution-precipitation at high potential ap-
pears to diminish the electrochemical activity of the catalyst. Ad-
ditionally, Xu et al. explored that the anodic potential regulated
the Cr leaching from CoCr2O4 to promote the in situ generation
of the amorphous active Co oxyhydroxide layer during the electro-
chemical activation process.[32] The initiation and acceleration of
Cr leaching coincide with the OER potential. The redox reactions
of Cr did not induce reconstruction at low potentials. Application
of potentials exceeding 1.56 V versus RHE to CoCr2O4 facilitated
chromium leaching, as Cr4+ endured anodic oxidation to solu-
ble Cr6+ (Figure 14B). Moreover, lattice oxygen oxidation was ob-
served after the Cr leaching in the form of chromate, leading to
a reduction in the proportion of lattice oxygen at high potential
(Figure 14C). Therefore, the escalating dissolution of Cr triggers
the leaching of lattice oxygen anions, creating both cation vacan-
cies and oxygen vacancies (Figure 14D). This facilitates the for-
mation of an amorphous Co oxyhydroxide layer, which exhibits
high intrinsic activity. Figure 14E demonstrates a non-concerted
proton-electron transfer of hydroxyl species with oxygen vacan-
cies on the surface.

The lattice oxygen redox typically triggers in situ amorphiza-
tion of electrocatalysts at high applied potentials. The applied
potential on SrIrO3 must reach the OER windows in order to
generate an amorphous layer.[19] When the applied potential was
below the threshold required for the OER, the SrIrO3 film did
not generate an amorphous layer during electrochemical acti-
vation. This amorphization is initiated through lattice oxygen
oxidation, triggering by coupled diffusion of Sr2+ and O2− at
the oxide-electrolyte interface under the high applied potential.
During in situ reconstruction of Ni3N/Ni@Ni3N, the presence
of amorphous species is also notable and increases with the

Adv. Funct. Mater. 2024, 34, 2405270 2405270 (21 of 47) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 39, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202405270 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [06/04/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 15. A) CV scan of different catalysts at 10 mV s−1, B) I–t curves of different catalysts at various applied potentials. LaCoO3 note as LCO,
La0.4Sr0.6CoO3−𝛿 note as LSC46, LaMnO3 note as LMO. C) HR-TEM image and corresponding FFT for BSCF82 surface undergoing different electrochem-
ical activation processes. Electrochemical conditions: applied potential form 1.1–1.7 V versus RHE; 0.1 M KOH electrolyte, scan rate at 10 mV s−1.[157]

Copyright 2012, American Chemical Society. CV analysis of reconstructed x-NiSe/FTO after D) CP activation and E) CV activation. (x represents NiSe elec-
trodeposition times on FTO of 100, 200, or 300 s) The alterations in Qa and Cdl for different catalysts following CP F) and CV G) treatment. H) Schematic
illustration of the surface evolution of NiSe after CV and CP activation a). TEM images of 300-NiSe/FTO after CP activation b) and CV activation c).[158]

Copyright 2022, American Chemical Society.

expansion of the potential region.[66] The features of amorphous
NiOOH seemed to disappear when the potential returned from a
high level to a low state. Meanwhile, Xia et al. suggested that more
negative potential will slow down the amorphization process of
transition-metal phosphides to form a thin shell of amorphous
species.[100]

Electrochemical activation at appropriate voltage levels play a
critical role in initiating the formation of amorphous structures,
while electrochemical activation conditioning also significantly
influences their evolution. Yang et al. discovered that the elec-
trochemical activity of perovskite catalyst (BSCF82) increased in
both CV and potentiostatic measurements (Figure 15A,B),[157]

revealing the reconstruction of BSCF82. Particularly, BSCF82
exhibited a marked amorphization rate when subjected to CV
experiments, as opposed to the potentiostatic testing at a con-
stant value (Figure 15C). Mullins et al. investigated the im-
pact of CV and chronopotentiometry (CP) on the in situ amor-
phization level of NiSe deposited on fluorine-doped tin oxide
glass (FTO) substrate.[158] The electrochemical characterization
of the reconstructed catalyst unveiled discrepancies in the ex-
tent of amorphization and the composition of amorphous species
(Figure 15D,E). Comparing the anodic redox charge associated

with the Ni2+ to Ni3+ transition (Qa) and double-layer capacitance
(Cdl) values suggested that CV was associated with a higher level
of in situ oxidation for thicker NiSe samples (300-NiSe-FTO) rel-
ative to CP (Figure 15F,G). As illustrated in Figure 15H, CV con-
ditioning resulted in a completely in situ amorphization of 300-
NiSe/FTO, thereby generating randomly shattered aggregates of
amorphous NiOxHy. Conversely, 300-NiSe-FTO underwent par-
tial oxidation when subjected to CP electrochemical condition-
ing. As a result, core-shell particles, amorphous NiOxHy, and
nanocrystalline NiO were observed after CP activation.

The electrochemical conditioning method may determine the
electrolyte-permeable thicknesses, thereby controlling the oxida-
tion and reduction processes to influence the rearrangement of
precatalysts into an amorphous structure. Electrochemical con-
ditioning through CV is likely to facilitate electrolyte permeation
to electrocatalysts compared to CP, consequently leading to the
complete in situ amorphization. On the other hand, as the re-
construction process of Co3O4 proceeded in a phosphate elec-
trolyte, an amorphous cobalt (oxyhydr)oxide-like phase formed
during the CP experiment.[56] Conversely, following the CV exper-
iment, a 3 nm-thick amorphous layer became embedded on the
catalyst’s surface, which is barely discernible through structural
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studies. CP under OER conditions suggests a greater charge
transfer per unit of experimental time compared to CV. There-
fore, different activation methods exert varying effects on cata-
lysts, ultimately affecting the development of amorphous phases.
Moreover, Mullins’s study displayed that the amorphous cobalt
oxide particles derived from Co3C progressively thicken with
an increasing number of sweeps.[38] Eventually, complete con-
version of Co3C to an amorphous state occurs, contributing to
heightened ECSA and minimized OER overpotential.

Electrochemical activation methods not only induce varying
degrees of amorphization but also influence the nature of the
amorphous species formed in situ. Jaramillo et al. explored the in
situ surface alterations of the MoN catalyst under ORR conditions
using a controlled potential hold procedure.[159] Amorphization
and oxygen incorporation of the MoN surface could be observed
under moderated polarization. As the potential exceeded 0.7 V,
oxygen incorporation continued, substantial Mo dissolution oc-
curred, and the degree of amorphization increased. This indi-
cates that the amorphized surface species changed at high ap-
plied potentials. Electrochemical activation through CV and lin-
ear sweep voltammetry (LSV) may result in the formation of dis-
tinct amorphous species, respectively. Li’s group illustrated that
a reversible Co oxidation occurred on the amorphous Co(OH)2-
ZIF-L surface during CV activation.[36] Upon activation by LSV,
the surface of the catalyst experienced irreversible oxidation reac-
tions. The amorphization induced by CV cycles led to the genera-
tion of CoII/CoIII and CoIII/CoIV redox species. Hod’s team inves-
tigated the electrochemical conversion of cobalt-imidazole-based
MOF during the CV scan within the negative potential window
(−1.76 to−0.15 V) to produce amorphous species for the HER.[37]

Irrespective of the scan rate, all samples exhibited their amor-
phous nature after electrochemical activation. Nevertheless, XPS
and Raman spectroscopy analyses indicated that altering the po-
tential scan rate resulted in the formation of distinct cobalt com-
pounds. This variation is attributed to differences in dwelling
time, which consequently affected the contact time with OH−.
Additionally, the scan rate had a significant impact on the levels
of sulfur and metallic cobalt. Therefore, effective control of elec-
trochemical conditions is essential for crafting an efficient amor-
phous structure, which in turn boosts electrochemical reactions.

4.2.2. Electrolyte Adjusting

The activity and stability of the catalyst during electrocatalysis are
directly influenced by the pH value of the electrolyte, affecting the
structural transformation and new phase formation.[160] Ersen
et al. demonstrated that pH influenced the in situ reconstruc-
tion of Co3O4.[56] The reconstructed species on the in situ gener-
ated amorphous layer differed between alkaline and neutral elec-
trolytes (Figure 16A). Furthermore, the catalyst exhibited more
favorable kinetics for the OER in the alkaline electrolyte. Signif-
icant morphological and structural changes might be induced
by the rapid electrochemical reaction. The corrosion behavior of
the electrocatalyst could be modified by the pH conditions dur-
ing the electrochemical process, resulting in the desired recon-
struction. Hofmann et al. reported that Co2P degraded in both
acidic and alkaline environments.[161] Under alkaline HER condi-
tions, Co2P experienced in situ reconstruction to form Co(OH)2,

whereas its original chemical state remained unchanged in acidic
HER conditions. Ir-based crystal oxides can undergo leaching to
form amorphous species in acidic conditions, rather than in al-
kaline conditions.[93] These behaviors are related to the thermo-
dynamic steady state of the metal catalyst according to the Pour-
baix diagram. In addition, Grimaud’s group unraveled the pre-
cise influence of pH on the amorphization of La2Li0.5Ni0.5O4±𝛿
(LLNO).[31] HAADF-STEM revealed that the amorphous layer on
the surface of LLNO thickened as the pH increased from 12.5
to 14. (Figure 16B). The electrochemical quartz crystal microbal-
ance (EQCM) showed that an increase in pH led to a greater
mass loss of LLNO. The redox process, coupled with the severe
degradation of the LLNO catalyst, may result in the emergence
of an amorphous layer in alkaline conditions. The fast redox re-
action between OH−/H+ ions and the catalyst at high acidity
or high alkalinity might trigger significant degradation of cata-
lyst. Other electrocatalysts exhibited similar phenomena, such as
Co2P,[162] LiCoPO4,[27] and Co9S8-SWCNT.[163] The regulation of
amorphization by the pH of the electrolyte should be considered
under appropriate conditions.

Counterions in the electrolytes can contribute a lot to amor-
phization during in situ electrochemical activation. In the pro-
gression of CO2 reduction reaction (CO2RR), the presence of I−

anions in the electrolyte, instead of HCO3
−, could induce in situ

amorphization of CuO catalysts. However, increasing the con-
centration of KI from 0.5 to 1.0 M caused an increase in the
crystallinity of the catalyst.[164] Electrolyte anions not only regu-
late the occurrence of amorphization but also control the amor-
phous structure. Risch et al. demonstrated that Erythrite (Ery,
Co3(AsO4)2·8H2O) experienced different levels of amorphiza-
tion during electrocatalysis in various electrolytes at pH 7.[63]

Ery could transform into amorphous layered cobalt oxide after
voltage cycling under OER conditions. The development of the
reconstructed species was also influenced. The shift of the X-
ray edge position in the XANES spectrum indicated the extent
of the Co oxidation state related to the electrolyte conditions
(Figure 16C). The FT of EXAFS at the Co-K edge revealed that
electrolyte anions affected the atom distance within the recon-
structed catalyst (Figure 16D). In borate electrolytes, the recon-
struction behavior of Ery was more pronounced in comparison to
carbonate and phosphate electrolytes. The surprisingly different
behavior of the reconstructed Ery in these three electrolytes is ex-
pected to control the electrochemical performance. Additionally,
ions present in the electrolyte could engage in the amorphization
process. Sun reported that an amorphous thin Co-Fe-Bi layer was
generated in situ during the reconstruction of CoFe2O4 in 0.1 M
potassium borate (K-Bi) electrolyte, resulting in an outstanding
OER activity.[165] As discussed above, the electrolyte conditions
affect the amorphization process and the form of the amorphous
species. Nevertheless, further research is required to explore the
origin of anion effects in the electrolyte and to improve the man-
agement of amorphization processes.

In summary, higher applied potentials and harsh electrolytes
accelerate the dissolution of most electrocatalysts, leading to
amorphization during electrochemical activation. Additionally,
the operating conditions affect the redox behavior of catalysts
and their interaction with the electrolyte, influencing the for-
mation of amorphous structures and the activity of amorphous
species. Furthermore, the anions in the electrolytes play a
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Figure 16. A) Bright-field STEM images and diffraction patterns of Co3O4 pre- and post-electrochemical activation. Pristine Co3O4 a). Post-Co3O4 after
CP test in alkaline solution b). Post-Co3O4 after CV test in alkaline solution c). Post-Co3O4 after CP test in neutral solution d). Post-Co3O4 after CV
test in neutral solution e). Inset: diffraction pattern displaying a mixture of Co oxide. In the inset of figure b, 1, 2, and 3 represent CoOOH, 4 and 5
represent Co(OH)2, and 6, 7, and 8 represent CoO. Experiment conditions: 0.1 M KOH electrolyte, neutral potassium phosphate aqueous electrolyte,
current density of 10 mA cm−2 in CP, 0.6-1.8 V versus RHE applied potential in CV.[56] Copyright 2019, American Chemical Society. B) HAADF-STEM
images for LLNO following electrochemical cycling in alkaline solutions with varying pH.[31] Copyright 2018, American Chemical Society. C) Co-K edge
in XANES spectra for the pristine Ery and post Ery collected after electrochemical activation in neutral borate, phosphate, and carbonate electrolyte.
Comparing with the Co-K edge spectra of LiCo(3+)O2, Co3

(2.7+)O4, and Co(2+)O. D) Fourier transform of the Co-K edge EXAFS on pristine Ery and post
Ery with electrochemical activation in neutral electrolyte with different counterions. The light-colored gray areas and light-colored pink areas present the
interatomic distances of layered Co-oxides (peaks 𝛽 and 𝛾) and typical Co-O in Ery.[63] Copyright 2021, Wiley.

decisive role in the evolution of amorphous structure, although
the exact mechanism behind this influence remains unclear.
There are various methods available to regulate the amorphiza-
tion process, while it is challenging to predict in situ amorphiza-
tion behavior of electrocatalysts during electrochemical activa-
tion. Establishing a universal descriptor system is necessary to
elucidate the relationship between the amorphization process
and precatalysts’ physicochemical properties. Additionally, delv-
ing into the reasons behind the impact of electrochemical condi-
tions on the in situ amorphization of catalysts would foster the
advancement of high-performance electrochemical systems.

5. Roles of In Situ Generated Amorphous Phases
in Electrocatalysis

In situ amorphization of electrocatalysts has been well-
documented in various electrochemical reactions. As such,
it is important to analyze the role of the self-evolved amorphous
species in the electrocatalytic process. In this section, the main
role of the in situ generated amorphous species in electro-
chemical oxidation and reduction processes is comprehensively
discussed. In particular, the amorphous species-regulated active
sites and stability are disclosed.
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5.1. Electrochemical Oxidation Reactions

Electrochemical oxidation reactions like OER, UOR, BOR, hy-
drogen oxidation reactions (HOR), ethylene glycol oxidation re-
action (EGOR), and methanol oxidation reaction (MOR) are
critical processes in electrochemical energy applications. Un-
der oxidation potentials, the applied catalysts may undergo self-
reconstruction and form amorphous phases. Table 1 lists repre-
sentative amorphization processes of electrocatalysts during var-
ious electrochemical oxidation reactions. Most amorphization of
transition metal-based catalysts results in the generation of metal
(oxy)hydroxide phases. In this section, the role of self-evolved
amorphous phases in electrochemical oxidation reactions is dis-
cussed.

5.1.1. High-Valence Components in Amorphous Species

Accompanied by amorphization, the electrochemical activity of
the catalyst is commonly associated with the presence of high-
valence elements in the in situ formed amorphous phase. John
et al. demonstrated that the retention of high valence Ni3+ ions in
amorphous NiOOH species can sustain urea oxidation rate dur-
ing the prolonged electrocatalysis of UOR.[166] On the contrary,
the presence of Ni2+ in NiO can lead to a drop in UOR activity.
The high valence state of Ni3+ associated with amorphous species
is also considered as the active species in other electrochemical
oxidation reactions, such as OER[167] and GOR.[80] Ni3+ is gener-
ally considered advantageous for electrochemical activation due
to its high electrophilicity toward adsorbed oxygen.[186]

During electrocatalysis, the amorphization of precatalysts
could bring about the emergence of species with heightened oxi-
dation states. Zhang et al. reported that the electrochemically acti-
vated NiFe PBA showed an activity level roughly six times greater
than the noble metal catalyst IrO2 (10 mA cm−2).[35b] The TEM-
SAED and XANES analyses identified the formation of amor-
phous Ni(OH)2 following the electrochemical activation of NiFe-
PBA. Operando XAS techniques revealed that Ni2+ in amorphous
Ni(OH)2 was reversibly oxidized to Ni4+ under varying applied
potential. In contrast, the change in Ni valence state was smaller
in crystalline Ni(OH)2 upon the application of potential. They
speculated that the deprotonation process of amorphous Ni(OH)2
triggers the transformation of the valence state as the applied po-
tential increases (Figure 17A), and Ni4+ ions serve as active cen-
ters facilitating the oxygen evolution process. Projected density of
states (PDOS) calculated by DFT revealed that deprotonation of
amorphous Ni(OH)2 led to the formation of highly reactive Ni4+

ions and oxygen 2p holes (Figure 17B). The deep insertion of Ni4+

3d band into the O 2p band caused an upward shift in the O 2p
band and an increase in the concentration of O 2p holes. These
O ions with 2p holes can act as electrophilic centers during OER,
which significantly contributes to the catalytic activity.

High-valence species produced during in situ amorphiza-
tion of other catalysts (such as LaCo0.8Fe0.2O3−𝛿 ,

[87] CoMn
LDH,[168] Ni3Fe0.75V0.25/Ni3Fe0.75V0.25N heterojunction,[187] and
CoP-Cu3P[143]) are also proposed to play a role in catalyzing the re-
actions of water and organic molecules. Li’s research showed an
increase in Co4+ content with the amorphization of Li2Co2O4.[51]

They calculated the electronic structure of simulated surface

amorphous species, which closely aligned with the requirements
of the anionic redox reaction in OER, featuring a highly covalent
Co-O bond and significant O 2p states near the Fermi level. This
indicated that the Co4+-O atomic motif may function as active
sites during the OER. Otherwise, Risch et al. discovered that ery-
thrite (Ery) exhibited disparate in situ amorphization processes in
four neutral electrolytes, causing variations in the oxidation states
of cobalt.[63] According to Figure 17C, in situ generated amor-
phous layer on Ery displayed the highest Co oxidation state after
reconstruction in the carbonate electrolyte, leading to the highest
current density. A similar amorphization can be observed when
Mn3N2 and Mn2O3 act as electrocatalysts in OER.[39] The amor-
phization of Mn3N2 was accompanied by a drastic increase in the
oxidation state of Mn compared to Mn2O3. The transition from
Mn2+/Mn3+ to Mn3+/Mn4+ occurred on the amorphous surface
of Mn3N2 (Figure 17D). The presence of Mn3+/Mn4+ composi-
tion enables the formation of Jahn-Teller distorted Mn-O bonds,
thereby enhancing the electrocatalytic activity. The required over-
potential for Mn3N2 during electrocatalysis was 390 mV, signifi-
cantly lower than that for Mn2O3 (470 mV). It can be concluded
that the in situ accumulation of high-valence active sites on amor-
phous structures can lead to increased activity for electrochemical
activation.

5.1.2. Coordination Environment in Amorphous Species

The electronic structure of amorphous species could be influ-
enced due to the incorporation of multiple elements, thereby
boosting the activity of electrocatalysts. Particularly, the presence
of oxyanion-coordinated amorphous species during in situ elec-
trochemical reconstruction is a typical feature in the amorphiza-
tion process of electrocatalysts containing anions. Zhang et al.
reported that an amorphous oxysulfide layer was observed on the
NiCo2S4 surface during OER operating conditions.[107] This en-
hancement is attributed to the cooperative action facilitated by
oxygen and sulfur anions.

The oxyanion-coordinated environment on the amorphous
layer might enhance the OER performance by altering the activity
of active sites. Wang et al. investigated the amorphization behav-
ior of Ni metalloids (NiTx, where T represents P, S, and Se) dur-
ing electrochemical activation, which in situ formed oxyanion-
coordinated amorphous NiOOH (Figure 18A).[169] The MOR ac-
tivity of NiOOH-POx derived from NiPx surpassed that of other
samples (Figure 18B). NiPx-R required a potential of 1.4 V to
achieve a current density of 400 mA cm−2 in the MOR, which
was 90 and 117 mV lower than NiSx-R and NiSex-R, respectively.
The coordination of different oxyanions on amorphous NiOOH
affects the adsorption of methanol molecules, as measured by
temperature-programmed desorption. Density functional theory
(DFT) calculations were conducted to clarify the intrinsic differ-
ences caused by the oxyanion-coordinated NiOOH. Figure 18C
shows that oxyanions effectively tailored the Ni 3d band center
(𝜖d), with values of −1.63, −1.68, and −2.01 eV for NiOOH-SOx,
NiOOH-POx, and NiOOH-SeOx, respectively. NiOOH-POx pre-
sented the most significant Ni 3d-O 2p orbital hybridization and
increased Ni-O covalency, improving its adsorption of reactant
molecules. In addition, the charge density difference calculation
illustrated the fluent electron transfer from the oxygen atoms of
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Table 1. The list of self-evolved amorphous phases under electrochemical oxidation reaction.

Precatalyst Reaction Electrochemical conditions Amorphous species Role of amorphous species Ref.

NdNiO3 UOR CV: 0 – 0.7 V vs Hg/HgO at
100 mV s−1, 1 M KOH solution

NiOOH Stabilized Ni3+ ions in
amorphous NiOOH steer

the UOR reaction

[166]

NiOx OER Chronopotentiometric
measurement (CP): a constant
current density of 10 mA cm−2

for 50 000 s, 1.0 M KOH
solution

An amorphous layer
containing a high

concentration of Ni3+

Ni3+/Ni2+ phase exhibits
higher electrophilicity to

improve catalytic properties

[167]

Au@NiSx GOR Chronoamperometric analysis
(CA): a constant potential of
1.78 V vs RHE for 1 h, 0.1 M
sodium tetraborate solution

with 0.1 M glycerol

NiOOH Ni3+ in the NiOOH serves as
the active center toward

GOR

[80]

NiFe Prussian blue
analogue (PBA)

OER CP: a constant current density of
20 mA cm−2 for ≈110 h, 1 M

KOH solution

NiOOH2–x Ni4+ ions act as an
electrophilic center to

activate oxidized oxygen
ions

[35b]

LaCo0.8Fe0.2O3−𝛿 OER LSV: a scan rate of 5 mV s−1 from
0 to 0.9 V vs Ag/AgCl,

O2-saturated 0.1 M KOH
solution

(Co/Fe)O(OH) Amorphous (Co/Fe)O(OH)
layer induces a modified

electronic environment of
active sites

[87]

CoMn LDH OER CP: a constant current density of
10 mA cm−2 for 3 h, 1 M KOH

solution

Amorphous regions enriched
with Co4+

Co4+ species in the
amorphous layer enhance

the performance of the
catalyst

[168]

CoP-Cu3P GOR LSV: a scan rate 2 mV s−1 from 0.6
to 1.5 V vs RHE, 1 M KOH

solution with 0.1 M glycerol

CoOx High-valence Co3+ and Co4+

species are beneficial for the
enhanced GOR activity

[143]

Li2Co2O4 OER CV: −0.1 to 0.7 V vs Hg/HgO at
5 mV s−1, O2-saturated 1 M

KOH solution

Co (oxy)hydroxides Co4+-O atomic motif serves as
an active site during

catalysis

[51]

Erythrite
(Co3(AsO4)2·8H2O)

OER CV: 0.6 to 2.1 V vs RHE at
100 mV s−1, 0.1 M electrolyte at

pH 7

Co (hydr)oxide Increased cobalt valence
promotes the catalytic

activity

[63]

Mn3N2 OER CP: a constant current density of
10 mA cm−2 for 3 h, 1 M KOH

solution

MnOx The high valence state of
manganese facilitates OER
by influencing the strength

of chemical bonds

[39]

NiCo2S4 OER CP: a constant current density of
10 mA cm−2 for 2 h,

O2-saturated 1.0 M KOH
solution

Oxysulfide layer Amorphous oxysulfide serves
as an active species and
exhibits stable catalytic

performance

[107]

NiPx, NiSx, and NiSex MOR CV: 0.924 to 1.624 V vs RHE at
100 mV s−1 for 300 cycles, 1 M

KOH solution

NiOOH-TOx

(T: P, S, Se)
Amorphous NiOOH-POx

selectively oxidizes
methanol into formate due
to an optimal coordination

environment

[169]

Ni3S2 OER LSV: −0.01 to 0.80 V vs saturated
calomel electrode (SCE) at

10.0 mV s−1, 1 M KOH solution

Oxysulfide layer Oxysulfides with
hetero-anionic structures act

as the active site for
long-term OER

[108]

Boronized NiFe alloy OER CP: a constant current density of
10 mA cm−2 for 10 h, 1 M KOH

solution

Metaborate-containing
oxyhydroxide

Metaborate-containing
oxyhydroxide enhances both

catalytic stability and
corrosion resistance

[170]

NiMo-Fe OER CP: a constant current density of
100 mA cm−2 for 200 h, 1.0 M

KOH solution

Ni(Fe)OOH-MoO4 MoO4
2− ions on the

amorphous structure
influence the OOH*

adsorption on Fe sites

[171]

(Continued)
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Table 1. (Continued)

Precatalyst Reaction Electrochemical conditions Amorphous species Role of amorphous species Ref.

Ni0.42Co0.58F2 OER CP: a constant current density of
10 mA cm−2 for 10 h, 1 M KOH

solution

Ni-substituted CoOOH Amorphous species lower the
energy required for the
rate-determining step

[172]

CoFe-LDH Sulfide ox-
idation

LSV: 0.5 to 2.0 V vs Ag/AgCl with a
scan rate of 50 mV s−1, a

mixture of 0.5 mM diphenyl
sulfide and acetonitrile/H2O

(2.0 mL, 1:1 v/v)

CoFe-oxyhydroxide CoFe-oxyhydroxide modulates
the electronic structure

[173]

Cu/Ni3S2 BOR CV: 100 mV s−1 for 10 cycles, 1 M
KOH solution

Cu/NiOOH-SOx Cu doping and regulation of
oxyanions modulate the

coordination environment
of active Ni sites

[81]

NiS2 OER LSV: 1.1 to 1.9 V vs RHE, 1 M
KOH solution

NiOOH-SO4 Chemisorbed sulfate radicals
on the amorphous NiOOH
enhance OER performance

[105]

NiS2 UOR CA: a constant potential of 1.45 V
vs RHE for 600 s, 1.0 M KOH

solution with 0.33 M urea

Amorphous Ni(oxy)hydroxide
co-exist with SOx

Oxyanions enable the selective
adsorption of urea reactants

[174]

CoM-ZIF-L OER CV: 0.765 to 1.464 V vs RHE for 40
cycles at 50 mV s−1, 0.1 M KOH

solution

Co(OH)2 Amorphous metal
oxy(hydroxide) reduces the

overpotential at the
potential-limiting step

[36]

Uniform FeS2

microspheres
OER LSV: 0 to 1 V vs Hg/HgO at

5.0 mV s−1, 1.0 M KOH solution
FeOOH Amorphous shells with lattice

defects optimize
intermediate adsorption

[76]

NiCrO GOR CV: 0.9–1.6 V vs RHE for 100
cycles, 1 M KOH solution

NiOOH Vacancies on the amorphous
structure enhance

intermediate adsorption

[53]

Co and Cl co-doped
Ni3S2 (Co,Cl-NiS)

EGOR LSV: 1.0 to 1.7 V vs RHE at
5 mV s−1, 1 M KOH with 0.1 M

ethylene glycol

Co-NiOOH Vacancies on the amorphous
layer contribute to the

enhanced catalytic
performance

[77]

Ni-based perovskite
hydroxide

NiSn(OH)6

OER CV:0.5 to 0.8 V vs Hg/HgO for 80
cycles at 10 mV s−1, 1 M KOH

solution

NiOOH Sn vacancies on the
amorphous surface

optimize the activity of
active Ni sites

[175]

F-Ni(OH)2 OER CV: 1.1 to 1.6 V vs RHE at
50 mV s−1, 1 M KOH solution

F-NiOOH F-NiOOH/F-Ni(OH)2 p-n
junction interface affects the

charge-transfer process

[176]

Ni2P4O12 OER CA: a constant potential of 0.3 V
vs RHE for 24 h, 1 M KOH

solution

Ni(OH)2 Heterostructure electrocatalyst
accelerates electron

transmission and improves
electronic conductivity

[177]

(NiFe)3Se4 OER CV:0 to 0.8 V vs Hg/HgO for 3000
cycles, 1 M KOH solution

(NiFe)OOH Heterostructure between
amorphous (NiFe)OOH and

(NiFe)3Se4 with high
intrinsic activity

[178]

Ni3N@Ni3VN OER LSV: 0.2 – 0.9 V vs Hg/HgO for 20
cycles, 1 M KOH

NiVOOH Heterostructure interface
reduces the energy required
at the rate-determining step

[179]

Hybrid
La0.33SrCo0.5Fe0.5Ox

(H-LSCF)

OER CP: a fixed current density of
10 mA cm−2 for 16 h, 0.1 M

KOH solution

RP (A2BO4) perovskite phase
is collapsed to form an
amorphous structure

The combination of
amorphous and crystalline

phases initiates lattice
oxygen oxidation

[180]

Ni9S8/Ni3S2 OER CV: 0.425 to 2.425 V vs RHE at
100 mV s−1, 1.0 M KOH

solution

NiOOH Congee-like Ni3S2/amorphous
NiOOH heterostructure

optimizes OER intermediate
adsorption

[181]

(Continued)
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Table 1. (Continued)

Precatalyst Reaction Electrochemical conditions Amorphous species Role of amorphous species Ref.

Ni3N/NF HOR CV: 1.20 to 1.60 V vs RHE at
30 mV s−1 for five cycles, 1.0 M

KOH solution

Ni(OH)2 Ni(OH)2/Ni3N
heterostructure optimizes

the electronic structure of Ni
active sites

[182]

Ni3S2 BOR LSV: 1.2 to 1.7 V vs RHE for five
scans at 5 mV s−1, 1 M KOH
solution with 15 mM HMF

NiOx Heterostructure adjusts the
reactant adsorption

behavior

[23]

Biphasic CoNi/Zn
(Fe,Al,Cr)2O4

OER CA: a constant potential at 1.74 V
vs RHE for 5 h, 1 M KOH

solution

Fe-CoNiOOH Fe-CoNiOOH species
terminated the crystal

disruption

[183]

NiFe0.5Sn OER CP: a constant current density of
10 mA cm−2 for 2 h, 1 M KOH

solution

NiFe(oxy)hydroxide Amorphous shell of
NiFe(oxy)hydroxide protects
the metallic core, resisting

further oxidation

[184]

RuMn alloy OER CV: 1.25 – 1.75 V vs RHE for
10 000 cycles, 0.5 M H2SO4

solution

RuOx Amorphous RuOx provides a
protective layer for catalyst

[185]

LiCoO1.8Cl0.2 OER CV: 1.2 – 1.6 V vs RHE for 20
cycles, 1 M KOH solution

Co(oxy)hydroxide Amorphous Co(oxy)hydroxide
exhibits outstanding

electrochemical activity and
remarkable stability

[117]

NiMoN@NiFeN OER CV: 1.2 to 1.8 V vs RHE at
2 mV s−1 for 100 cycles, 1 M

KOH solution

NiFe oxide and NiFe
oxy(hydroxide)

Amorphous phase contributes
to chlorine corrosion

resistance

[42]

NiFeLDH@NiCoS NAs OER in
seawa-

ter

LSV: 1.0 to 1.7 V vs RHE, 1 M
KOH solution with 0.5 M NaCl

𝛾-NiOOH and FeOOH
(𝛾-NiFeOOH)

𝛾-NiFeOOH minimizes Cl−

corrosion through
stabilizing OH*

intermediate

[34]

OH to Ni species in NiOOH-POx (Figure 18D). In contrast, this
electron transport was inhibited in NiOOH-SOx due to the in-
fluence of S sites, and the adsorbing ability of OH* in NiOOH-
SeOx was weak, which was unfavorable for the electrooxidation
of MOR. The coordination of oxyanions on amorphous species,
which adjusts the d band center and facilitates charge transfer,
enhances the activity of the electrocatalyst.

A similar oxyanions coordinate structure to accumulate
the activity of metal active site are found in other electrocat-
alysts, such as amorphous oxysulfide layer on the Ni3S2,[108]

metaborate-containing oxyhydroxide on the boronized NiFe
alloy,[170] and Ni(Fe)OOH-MoO4 on the surface of NiMo-
Fe.[171] Furthermore, the electronic structure of active sites
within amorphous species can be modulated by the pres-
ence of bimetallic elements.[188] This modulation optimizes
the adsorption behavior of intermediates.[172,173] Otherwise,
in situ formation of amorphous species, characterized by
a coordination environment comprising both oxysulfide
and copper sites, provides additional active sites and tunes
the electronic structures, thus improving the oxidation of
HMF.[81]

Chemisorbed sulfate radicals on the amorphous NiOOH struc-
ture not only enhance the activity of Ni sites but also participate in
the transformation pathway during electrocatalysis. Cheng et al.
reported that the NiS2, NiSe2, and NiTe electrocatalysts converted
into amorphous NiOOH, where oxyanions were chemisorbed on
the amorphous layer.[105] Figure 19A,B illustrate the OER path-

way and the free energy diagrams of intermediates on NiOOH-
SO4 via the adsorbate evolution mechanism (AEM) and lattice
oxygen-mediated mechanism (LOM). For AEM, the chemisorbed
SO4 modified the dyz orbitals of the Ni atom and strengthened the
Ni-O bond, while also directly participating in OER as a proton-
transfer station and facilitating the intermediate steps of oxygen
evolution. On the other hand, sulfates facilitated LOM by aid-
ing in the desorption of formed oxygen molecules. The amor-
phous oxyanion species constructed in situ are thermodynami-
cally more favorable than the complexes formed by the adsorp-
tion of soluble sulfate ions in the electrolyte, thereby enhancing
electrocatalytic performance. Qiao et al. investigated that in situ
formed amorphous Ni (oxy)hydroxide coordinated with sulfur
species (Ni-SOx) inhibited the oxygen evolution reaction during
urea oxidation.[174] As displayed in Figure 19C, urea molecules
primarily adhered to the Ni-SOx surface. Selective oxidation of
urea occurred on the surface of Ni-SOx through its reaction with
OH− ions from the alkaline electrolyte, resulting in C-N bond
cleavage. On the contrary, the OER occurred on the surface of
NiOx owing to the competitive adsorption of OH* on the ac-
tive sites. In situ attenuated total reflectance infrared (ATR-IR)
spectra (Figure 19D) demonstrated that urea molecules covered
the surface of amorphous Ni-SOx because the oxyanion inhibits
OH−, whereas the surface of NiOx exhibited a high concentration
of OH−. Therefore, the incorporation of oxyanion on the amor-
phous surface achieved high efficiency in urea electrochemical
oxidation.
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Figure 17. A) Schematic diagram illustrating the structural evolution of amorphized Ni-BPA during OER. B) PDOS for amorphous Ni(OH)2 under
varying degrees of deprotonation. The Fermi level was set as the reference point at zero energy.[35b] Copyright 2018, American Chemical Society. C) The
relationship between the activity indicator jmax (at 2.1 V vs RHE) versus the average oxidation state of Co after electrochemical activation in carbonate,
phosphate, and borate electrolyte.[63] Copyright 2021, Wiley. D) XPS spectra of Mn 2p for Mn3N2 before, and after CV and CP tests.[39] Copyright 2019,
Wiley.
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Figure 18. A) Diagram depicting structure model of POx-doped NiOOH, SOx-doped NiOOH, SeOx-doped NiOOH, and pure NiOOH. B) LSV curves of
NiTx-R and Ni(OH)2-R. C) PDOS plots of O 2p band and Ni 3d for NiOOH-SeOx, NiOOH-SOx, and NiOOH-POx. D) Charge density difference upon
adsorption of OH* intermediates on NiOOH-POx e1), NiOOH-SOx e2), and NiOOH-SeOx e3), respectively. Cyan represents electron depletion, while
yellow signifies electron accumulation.[169] Copyright 2022, Nature Portfolio.

5.1.3. Defective Sites in Amorphous Species

Introducing defects into electrocatalysts has been reported as
a promising method for enhancing the activity of catalysts.[189]

Composition leaching and lattice oxygen oxidation during the
electrochemical reconstruction process usually create defects on
in situ formed amorphous species, which facilitates the ad-
sorption and desorption processes of surface intermediates in
electrocatalysis.[36,76,190] Zhou’s study revealed that the amor-
phization of the NiCrO electrocatalyst occurred alongside the
formation of cation and oxygen vacancies, which were driven
by Cr leaching and lattice oxygen oxidation.[53] Abundant va-
cancies on the amorphous NiOOH layer (NiCrO-VCr,O) can be
detected through electron paramagnetic resonance (EPR) sig-
nals (Figure 20A). NiCrO-VCr,O exhibited outstanding perfor-
mance in GOR, with glycerol conversion, formic acid forma-
tion selectivity, and faradaic efficiency values exceeding 90%
across all cycles (Figure 20B). In situ attenuated total reflection
surface-enhanced IR absorption spectroscopy (ATR-SEIRAS) re-
vealed the adsorption characteristics of reactants and their
oxidation intermediates on the catalysts (Figure 20C,D). The
comparison of in situ ATR-SEIRAS spectra between NiCrO
and NiCrO-VCr,O indicated that glycerol oxidation on the de-

fective amorphous surface was dependent on its ability to ad-
sorb reactants and intermediates (Figure 20E). DFT calculations
showed negative co-adsorption energies and individual adsorp-
tion energies for glycerol and OH− on defective amorphous
species (Figure 20F), favoring efficient electrocatalysis of glyc-
erol.

Alternatively, more defects could be generated due to the co-
leaching of unstable elements during in situ amorphization. Ni’s
group illustrated that the co-leaching of S and Cl from Co,Cl-
NiS induced numerous vacancies on the in situ formed amor-
phous layer (Co-NiSV@Co-NiOOH), contributing to the excellent
EGOR performance.[77] DFT calculations indicated that the gen-
eration of vacancies regulated the catalyst’s electronic structure
by upshifting the d-band center (Figure 20G), which could im-
prove the adsorption of reaction intermediates. In Figure 20H,
in situ formed vacancies resulted in the release of more en-
ergy at the potential-determining step (PDS) in Co-NiSV@Co-
NiOOH compared to Co-NiS@Co-NiOOH. Co, Cl-NiS electrode
in PET hydrolysate electrolysis contributed to a decreased applied
potential, promoting efficient energy conversion (Figure 20I).
A similar phenomenon can be observed on the amorphous
surface layer of NiSn(OH)6@OOH with Sn vacancies during
the OER process.[175] Therefore, defects within the amorphous
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Figure 19. A) The OER pathway and reaction free energy diagram of products for NiOOH-SO4 involving the AEM, B) and the LOM. The black and red
arrows represent the electron-proton coupling step and the thermochemical step, respectively.[105] Copyright 2023, Royal Society of Chemistry. C) Sketch
illustrating the selective oxidation of urea due to the competitive adsorption between hydroxyl and urea on Ni-SOX and NOX surfaces. D) In situ ATR-IR
spectra of Ni-SOX and NiOX within the applied potential range of 1.20 – 1.60 V a–d).[174] Copyright 2023, Nature Portfolio.

surface could directly enhance reactant adsorption and may also
modulate the electronic structure of electrocatalysts to refine the
electrocatalytic process.

5.1.4. Amorphous-Crystalline Heterostructures

For most electrocatalysts undergoing in situ amorphization
during electrochemical activation, the surface generally expe-
riences reconstruction, resulting in an amorphous-crystalline
heterostructure.[18b] This heterostructure can yield synergistic
effects that enhance both the activity and stability of the elec-
trocatalytic performance.[191] Amorphous phases, though rich
in catalytic activity, often suffer from low electrical conductivity
and insufficient stability in harsh oxidative and corrosive con-
ditions, which restricts their electrochemical performance.[192]

Amorphous-crystalline heterostructures feature an optimized
electronic structure and electrical conductivity, which promote
the electrocatalyst’s activity and stability.[91] Zhao’s group de-
veloped a single/double perovskite nanohybrid catalyst that
achieved a tight interfacial interaction between amorphous and
crystalline phases during electrocatalysis, resulting in a low over-
potential of 268 mV at 10 mA cm−2.[21] However, the continuous
extension of the amorphous phase in the single perovskite de-
creased the electrochemical performance, requiring an overpo-
tential of 330 mV.

The charge transfer and the conductivity of the electrocatalyst
can be influenced by the self-formed amorphous-crystalline het-
erostructure. Hui’s group found that in situ amorphization of
F-Ni(OH)2 induced the development of a heterogeneous struc-
ture, thereby enabling high electrocatalytic performance.[176] The
amorphized F-Ni(OH)2 exhibited semiconductor properties of
both n-type and p-type. The space-charge effect was observed at
the F-NiOOH/F-Ni(OH)2 interface (Figure 21A), which could es-
tablish an active center on the amorphous F-NiOOH surface to
accelerate the electron transfer with reactants during OER. The
electronic interaction within the heterostructure was evidenced
by the difference in Fermi energies between F-NiOOH and F-
Ni(OH)2 (Figure 21B,C). The lower Fermi energy of F-Ni(OH)2,
as compared to F-NiOOH based on their work functions, indi-
cated directional electron transport across the interface from F-
Ni(OH)2 to F-NiOOH. In addition, the formation of heterostruc-
tures on F-Ni(OH)2 altered its band gap and increased the total
density of states (TDOS), significantly enhancing the material’s
electrical conductivity. This heightened conductivity was further
evidenced by the proximity of the p-band center to the Fermi level.
The improved electrical conductivity optimizes charge transfer
during electrochemical reactions and enhances the binding ca-
pability with OER intermediates.

Similarly, the heterostructure in other catalysts could also
facilitate electron transfer and optimize electronic structural,
such as Ni(OH)2/Ni2P4O12,[177] (NiFe)OOH/(NiFe)3Se4,[178] and
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Figure 20. A) EPR spectra for catalyst with and without vacancies. B) Performance in terms of conversion, selectivity, and faradaic efficiency for NiCrO-
VCr,O across six successive electrolysis cycles. C) Diagram of in situ ATR-SEIRAS system. D) In situ ATR-SEIRAS spectra during electrocatalysis of glycerol
on NiCrO-VCr,O at the 0.1 V potential gradient. E) The adsorption characteristics of organic before and after glycerol electrooxidation by analyzing in situ
ATR-SEIRAS spectra data for NiCrO-VCr,O and NiCrO. F) Adsorption energies of reactants on the surface of NiO and NiCrO-VCr,O.[53] Copyright 2024,
American Chemical Society. G) Density of states for Co-NiSv@Co-NiOOH, Co-NiS@Co-NiOOH, and NiS@NiOOH. H) Gibbs free energy diagrams
when EGOR occurred on the surface of Co-NiSv@Co-NiOOH, Co-NiS@Co-NiOOH, and NiS@NiOOH. The inset presents the molecular arrangement
of the different intermediates during EGOR. I) Variations in applied potentials across different current densities for the electrocatalysis of PET hydrolysate
and water.[77] Copyright 2023, Springer.

NiVN@OOH.[179] The optimized electron configuration en-
hances the adsorption and transportation of catalytic intermedi-
ates at the active site. Furthermore, in situ formed amorphous-
crystalline structure via the OER process may initiate a favorable
lattice oxygen oxidation mechanism (LOM) process. It was illus-
trated by the study in Shao’s group.[180] They regulated the com-
position of cubic (ABO3) and PR (A2BO4) perovskite phases in the
hybrid La0.33SrCo0.5Fe0.5Ox (H-LSCF), resulting in the induction
of an optimal crystalline-amorphous hybrid structure following
in situ electrochemical activation. They investigated that hybrid
H-LSCF with crystalline-amorphous phases exhibited a more fa-
vorable lattice oxygen oxidation mechanism (LOM) process com-
pared to pure-phase counterparts, potentially attributed to the
heightened OH− absorption on its crystalline-amorphous com-
bination (Figure 21D).

The role of the amorphous/crystalline heterostructure in facil-
itating electrochemical oxidation is verified, and the spatial dis-

tribution of the heterostructure plays a crucial role in achieving
effective electrochemical oxidation. Electrocatalysts with dense
heterostructure interfacial sites have been reported to demon-
strate superior electrochemical oxidation performance compared
to those with sparse heterostructure interfaces.[193] Li et al. re-
ported the generation of a distinctive congee-like NiOOH/Ni3S2
heterostructure from a precatalyst consisting of Ni9S8 and Ni3S2
during in situ electrochemical activation (Figure 21E).[181] In con-
trast to the sparse heterostructure with a NiOOH layer over Ni3S2,
the dense NiOOH/Ni3S2 heterostructure showed an O2-evolving
current density of 10 mA cm−2 at a reduced overpotential of
only 197 mV and a Tafel slope of 38.8 mV dec−1. The abun-
dant interfacial sites boosted electron transfer between amor-
phous NiOOH and Ni3S2, increasing the activity of the active
sites and promoting the adsorption of products. In addition,
in situ formed amorphous-crystalline heterostructures exhibited
significant activity across various electrochemical oxidation pro-
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Figure 21. A) Electron transfer mechanism sketch on the F-NiOOH/F-Ni(OH)2 p-n junction during the oxygen evolution process. Work function profiles
of B) F-Ni(OH)2 and C) NiOOH.[176] Copyright 2022, Springer. D) A schematic diagram illustrating the heterostructure interface and its facilitation of
lattice oxygen reactions.[180] Copyright 2021, Elsevier. E) A schematic illustration depicting the in situ formation of a dense amorphous-crystalline het-
erostructure designed to enhance OER performance.[181] Copyright 2023, American Chemical Society. F) Schematic illustration of the reaction steps in-
volved in alkaline HOR and HER on both the in situ formed Ni3N-Ni(OH)2 heterostructure and the electrodeposited Ni3N+Ni(OH)2 heterostructure.[182]

Copyright 2023, Elsevier. G) Tafel slopes and current densities j) at 1.5 V versus RHE for pristine Ni3S2 compared to Ni3S2 with varying amounts of amor-
phous NiOx.[23] Copyright 2023, Wiley.

cesses. As shown in Figure 21F, in situ-formed Ni(OH)2-Ni3N
heterostructure significantly enhanced electron transfer at the
heterostructure interface during the hydrogen oxidation reac-
tions (HOR) reaction.[182] Additionally, the proportion of amor-
phous NiOx on the crystalline Ni3S2 influenced the Tafel slope
and current density of the electrocatalyst during the BOR reac-
tion (Figure 21G).[23]

5.1.5. Stability Contribution of the Amorphous Structure

The amorphous structure, with its high strain, toughness,
and isotropic properties, can endure the conditions of water
splitting.[194] In situ formed amorphous species typically exhibit

higher corrosion resistance compared to the precatalysts, en-
abling the maintenance of electrocatalyst’s structure and ensur-
ing stable electrocatalytic activity. Peng’s group reported that an
amorphous Fe-CoNiOOH layer was in situ generated on the
Zn(Fe, Al, Cr)2O4 spinel phase due to the limited Al leaching
under applied potential in alkaline conditions.[183] As shown in
Figure 22A, continuous Al leaching enabled the creation of an
active layer with a thickness of 15 nm, exceeding the typical
few nanometers seen in other amorphous layers. Meanwhile,
the stable amorphous structure can effectively prevent excessive
leaching of Al ions, avoiding disruption of the catalyst’s crystal
structure. Therefore, an efficient and stable amorphous struc-
ture ensures consistent catalytic performance during the elec-
trochemical process. During a 3000-cycle stability test using the
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Figure 22. A) Schematic illustrating the generation of stable amorphous structures through Al leaching during electrochemical activation.[183] Copyright
2023, Wiley. B) Stability tests for the NiMoN@NiFeN applied constant current densities at 500 and 100 mA cm−2 in different electrolytes at 25 °C.[42]

Copyright 2019, Nature Portfolio. C) Measurement of corrosion current densities (jcorr) and corrosion potentials (Ecorr) for (Ni,Fe)O(OH)@NiCoS in
potentiodynamic polarization curves in different electrolytes.[34] Copyright 2023, Elsevier.

CV method, the electrode’s overpotentials at current densities
of 10 and 100 mA cm−2 decreased to 255 and 342 mV, respec-
tively. The electronic conductivity and number of active sites
grew incrementally as amorphous species formed with more
scanning cycles. When this electrocatalyst was used in subse-
quent sustained electrochemical testing, it achieved long-term
stability at the current density of 500 mA cm−2 for 100 h. In
situ formed amorphous phase serving as a protective shield
is commonly observed in the reconstruction of electrocatalysts,
such as the amorphous Ni/Fe oxyhydroxide on the NiFe0.5Sn
alloy,[184] stability amorphous RuOx shell on RuMn alloy,[185] and
Li-containing Co (oxy)hydroxide on the LiCoO1.8Cl0.2.[117] Exces-
sive amorphization causes a decline in electrocatalytic perfor-
mance. Pang’s group found that moderate amorphization of NiO-
6, with its crystalline/amorphous structure, maintained a sta-
ble current density of 19.44 mA cm−2.[167] In contrast, extensive
amorphization of NiO-6S, characterized by its crystal properties,
led to structural collapse and a gradual reduction in current den-
sity to 5.02 mA cm−2 during electrochemical activation.

Furthermore, the self-reconstructed amorphous structure
could exclude chloride corrosion during alkaline seawater elec-
trolysis, leading to an active and durable oxygen evolution reac-
tion. Ren et al. reported that in situ evolved amorphous phase
on the NiMoN@NiFeN was responsible for both the electrocat-

alytic activity and the superior chlorine corrosion resistance.[42]

As shown in Figure 22B, the NiMoN@NiFeN catalyst in the
water electrolyzer delivered consistent performance over 100 h,
maintaining current densities of 100 and 500 mA cm−2 in both
simulated and natural seawater, with minimal voltage increase.
Shao et al. investigated the amorphous structure-durability re-
lationships of (Ni,Fe)O(OH)@NiCoS in chloride resistance.[34]

When the amorphous 𝛾-NiOOH and FeOOH (denoted as 𝛾-
NiFeOOH for simplicity) formed with increasing activation po-
tentials, the corrosion initial potentials (Ecorr) exhibited a notice-
able rise, while corrosion current densities (jcorr) decreased across
different concentrations of NaCl electrolyte (Figure 22C). They
proposed that amorphous 𝛾-NiFeOOH selectively adsorbs and
retains OH− ions, thereby protecting the catalyst from the cor-
rosive effects of Cl− ions during the four-electron water oxida-
tion reaction. Besides, time-of-flight secondary ion mass spec-
trometry analysis identified distinct sulfate gradient layers on the
amorphous surface of the catalyst. These layers, enriched with
SOx

2−/1− species, optimize the coordination environment of Cl−

ions by creating 3D repulsive layers, thereby enhancing the sta-
bility of electrocatalytic activity in seawater.

According to the above discussion, the differential evolution
of self-evolved amorphous species may enhance the activity and
stability of electrocatalysts during the electrochemical oxidation
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process. Nevertheless, it is important to note that in some cases,
the amorphous species may not function as the catalytically active
site. He et al. reported that amorphous NiOOH made a negligible
contribution to the active site.[195] The amorphous oxyhydroxide
surface layer facilitated the interphase ion transport of NiWO4-
TA950. At times, excessive amorphization of partial perovskite-
based oxides could result in a decrease in catalytic activity.[21]

Therefore, it is urgent to regulate the in situ amorphization pro-
cess, aiming to establish a suitable amorphous structure through
the rational design of precursor electrocatalyst materials and pre-
cise control of the reconstruction conditions.

5.2. Electrochemical Reduction Reactions

Electrochemical in situ reconstruction leading to the genera-
tion of amorphous phases has been documented in electro-
chemical reduction processes like the HER,[40,48] oxidation re-
duction reaction (ORR),[196] carbon dioxide reduction reaction
(CO2RR),[197] and nitrogen reduction reaction (NRR), etc.[198] Re-
searchers have investigated the crucial role played by in situ gen-
erated amorphous active sites during the electrochemical reduc-
tion process.[94,154] Relevant studies are listed in Table 2. The func-
tion of in situ formed amorphous species in influencing the elec-
trocatalytic reduction performance is deliberated in this section.

5.2.1. High Activities in Amorphous Structure

Different from the oxidation in the electrochemical oxidation re-
actions, precatalysts are typically transformed into lower metal
states during the in situ reduction amorphization process. The
generated amorphous reduction species are identified as the ac-
tive sites. Qian et al. detected an amorphous Bi shell in real-
time during CO2RR on nanoporous AgBi (np-AgBi), indicat-
ing the catalytic involvement of Bi shell in simultaneous CO2
conversion.[199] Figure 23A illustrates the reconstruction dia-
gram. The thickness of the amorphous Bi layer increased with the
reaction time of CO2RR (Figure 23B). The thickest amorphous
Bi shell of np-AgBi resulted in the highest faradaic efficiency,
reaching 84.8% for HCOO− production. In situ generated amor-
phous Bi layer could facilitate the conversion of CO2 to formate.
In situ Raman spectroscopy showed a diminishing CO Raman
band intensity, coupled with a persistent rise in *OCHO Raman
band intensity as the reaction progresses (Figure 23C,D). DFT
calculations indicated that the moderate adsorption-free energy
for intermediates on amorphous Bi atoms resulted in excellent
CO2RR performance, leading to the formation of liquid prod-
ucts. Ye et al. also reported that the in situ formed amorphous
Sn mass in Sn/SnS2 samples correlated with their NRR yield
(Figure 23E).[198b] Moreover, in situ formation of reductive amor-
phous species, such as amorphous CoOx(OH),[50] amorphous
CoSx,

[37] and amorphous Co-P alloys,[200] similarly occurred dur-
ing the hydrogen evolution reaction, significantly improving the
production of H2.

The reconstructed amorphous phases, exhibiting an appropri-
ate coordination environment, serve as effective supports for elec-
trochemical reduction catalysis. Viswanathan et al. investigated
the amorphous film with a nominal NiS stoichiometry, which

was in situ coated on the Ni3S2 under ORR conditions. These
films displayed high activity for ORR catalysis.[196a] Through DFT
calculations, the author investigated the source of the increased
activity for the in situ formed amorphous phase, establishing
a correlation between the coordination environment of active
sites and their electrochemical activity across various structural
phases. Figure 23F illustrates the amorphous structure catalyst
composed of Ni:S in a 1:1 ratio. The amorphous species displayed
active Ni sites linked to three sulfur atoms. This configuration
affects the adsorption free energy of *OH, thereby boosting the
activity in the ORR.

At times, the formation of amorphous species in reduc-
tion electrochemical reactions could modulate the electronic
structure of active sites. Meng et al. prepared amorphous elec-
trocatalysts (MoOx/Co(OH)2) through electrochemical reduction
activation of MoO2/Co(OH)2 in an alkaline solution.[201] The
amorphous MoOx/Co(OH)2/NF displayed a notably low over-
potential of 23 mV at 10 mA cm−2, clearly outperforming the
MoO2/Co(OH)2/NF (46 mV). The alkaline exchange membrane
electrolyzer utilizing MoOx/Co(OH)2/NF and NiFe-LDH/NF
for hydrogen production required only 2.25 V at 500 mA cm−2,
exhibiting higher efficiency than nickel foam. The formation of
amorphous MoOx (MoO4

2−) was associated with the leaching
of Mo during the electrochemical activation, thus causing the
transition of Co-O-Mo4+ into Co-O-Mo6+. The O p-band was
brought closer to the Fermi energy level (EF) by an increase in
Mo valence (Figure 23G). This proximity influenced the d-p band
overlap between Mo and O, enhancing electron transfer. It also
activated the oxygen p-orbitals, enabling them to accumulate
electrons more effectively, which ultimately boosts the activity
of the oxygen sites in the HER. Figure 23H shows that as Mo
valence increased, electrons moved from Mo to O sites, accu-
mulating at these O sites and creating active sites for hydrogen
adsorption during HER. Therefore, the electronic structure of
the Mo-O bond is optimized during the amorphization, leading
to the regulation of the adsorption energy of H*/H2O and the
enhancement of the HER performance.

5.2.2. Amorphous-Crystalline Heterostructures

The generation of amorphous-crystalline heterostructure inter-
faces can originate from either a precatalyst heterojunction or
limited amorphization.[196a,202] The distinct heterostructure in-
terface has been proven to enhance the electrochemical reduc-
tion reaction by controlling electron transfer between the two
phases. Zhang et al. observed the emergence of a heterostructure
after the amorphization of crystalline In2O3 during CO2RR.[203]

In/In2O3−x not only demonstrated lower onset potentials of
≈−0.52 V versus RHE and higher current densities compared to
In, but also sustained consistent current densities for 10 h dur-
ing CO2RR (Figure 24A). Ultraviolet photoelectron spectroscopy
(UPS) results demonstrated the formation of a Schottky contact
at the In/In2O3−x heterojunction, enabling electron flow from
In2O3−x to In (Figure 24B). DFT calculation demonstrated that
less energy was required for In/In2O3−x to produce formate com-
pared to In and In2O3, rather than producing CO (Figure 24C,D).
This electrocatalyst, featuring a tailored electronic structure, was
utilized in a two-electrode cell setup (Figure 24E), showcasing
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Table 2. The list of self-evolved amorphous phases under electrochemical reduction processes.

Precatalyst Reaction Electrochemical condition Amorphous species Role of amorphous species Ref.

NiS2 HER CA: a constant potential of
−0.4 V vs RHE, 1 M KOH

solution

Co-Ni sulfides An amorphous sulfide film structure enriched
with nickel temporarily boosts HER activity

[154]

Aligned Co-Fe phosphate (Co-FePO) HER CA: a constant potential of
−0.17 V vs RHE for

30 min, 1 M
phosphate-buffered

saline

Co-FePO/OH Amorphous Co-FePO/OH hybrid electrocatalyst
enhances water dissociation in the Volmer

step

[94]

Nanoporous AgBi CO2RR CA: a constant potential of
−1.05 V vs RHE for

135 min, CO2 saturated
0.1 M KHCO3 solution

Bi shell Amorphous Bi shell exhibits efficient
performance in CO2 activation

[199]

SnS2 NRR CV: −1.3 to −0.2 V vs RHE
at 50 mV s−1 for 20
cycles, 0.1 M HCl

solution

Sn (Sn0) Amorphous Sn enhances electrochemical
reduction activity toward N2 reduction

[198b]

Co3(OH)2(HPO4)2 HER CA: an overpotential of
130 mV in HER for 10 h,

1 M KOH solution

CoOx(OH) in situ formed reductive Co0 markedly decreases
the energy required for hydrogen adsorption

[50]

Imidazole based MOFs HER CV: −1.76 to 0.15 V vs
Ag/AgCl for 1200 cycles,
an N2-saturated 0.5 M
thiourea solution with

0.1 M KCl

CoSx Amorphous CoSx with a high content of S2
2−

species serves as the catalytically active site
[37]

CoP Acid HER CV: −0.266 to −0.406 V vs
SCE at 1 mV s−1, 0.5 M

H2SO4 solution

Co-P alloys Co in a near-zerovalent state and P in a reduced
state contribute to enhanced activity

[200]

Crystalline Ni3S2 ORR CV: 0 to 1.0 V for 10 – 20
cycles at 5 mV s−1,

N2-saturated 1 M sodium
phosphate solution

Amorphous surface
layer with NiS
stoichiometry

Ni sites coordinated with the three nearest
sulfur surroundings enhance the ORR activity

[196a]

MoO2/Co(OH)2/NF HER CA: a constant potential of
−1.2 V vs SCE for 12 h,

1.0 M KOH solution

MoOx High-valence Mo6+ optimizes the p-band center
of O and enhances intermediate adsorption

[201]

W18O49/NiWO4 HER CA: a constant potential of
−1.3 V vs RHE for 12 h,

1.0 KOH solution

H-AM/NiWO4/NF Amorphous-crystalline interface benefits the
decrease of interfacial energy

[202]

Crystalline In2O3 CO2RR LSV: −0.7 to −1.9 V vs SCE
until the curve kept
unchanged, 0.5 M
NaHCO3 solution

In2O3-x In situ formed In/In2O3−x heterostructure tailors
the electronic structure of electrocatalyst

[203]

Dealloyed composite contains cubic
and hexagonal CeO2, Cu2O, and
Cu

CO2RR CA: potentials from −0.5 to
−0.8 V vs RHE, 1.0 M

KOH solution

CeO2-Cu CeO2-Cu interfacial sites guide the reaction
pathway toward the production of C2+

alcohols

[204]

Nanoporous Ag-Bi CO2RR CA: a constant potential of
−1.0 V vs RHE for 3 h,
CO2-saturated 0.1 M

KHCO3 solution

Bi2O3 shell Amorphous Bi2O3 shell switches the catalytic
products from CO to formate

[205]

Boron-rich covalent organic
frameworks (COFs)

NRR CA: a constant potential of
−0.2 V vs RHE for

20 min, N2-saturated
0.1 M KOH solution

Amorphous COF An amorphous phase enhanced N2

physisorption on the catalyst
[198a]

Zr-based MOF coated Cu catalyst
(UiO-66/Cu)

CO2RR CA: a constant potential at
1.05 V vs RHE for 1 h,
0.1 M KHCO3 solution

ZrOx Amorphous ZrOx attributes to the selective
production of C2+ chemicals

[197]

Ru-NiPS3 nanosheets HER CP: a fixed current density
of −100 mA cm−2 for

45 h, 1 M KOH solution

Amorphous layer
with abundant
bridging S2

2−

species

The stabilization of active sites leads to
improved adsorption capacity for

intermediates

[70]

(Continued)
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Table 2. (Continued)

Precatalyst Reaction Electrochemical condition Amorphous species Role of amorphous species Ref.

CuAl-oxide-derived catalyst CO2RR CV: 0 to −1.98 V vs RHE at a
rate of 100 mV s−1 for 10
cycles, 1 M KOH solution

Al2O3 Amorphous Al2O3 phase enhanced the stability
of active Cu+ sites

[206]

CoMn-S@NiO HER CA: a constant potential of
−1.4 V vs Ag/AgCl for

5000 s, 1.0 M KOH
solution

Amorphous surface
with S leaching

An amorphous layer appears to stabilize the
catalysis performance

[207]

BiFeO3 NRR CA: a constant potential at
−0.6 V vs RHE for 20 min,
0.1 M KOH solution with

0.1 M KNO3

Reduction state of
Fe and Bi on the

amorphous
surface

Preserves the catalyst’s high activity during the
long-term catalytic process

[208]

V-incorporated NixSy nanowires
(VS/NixSy)

HER LSV: −1.0 to −1.5 V at least
20 scans until the HER

activity was stable, 1.0 M
KOH under a N2

atmosphere

VOOH and NiOOH Amorphous VOOH film enhances the HER
process, while NiOOH protects sulfide

species against dissolution

[209]

elevated performance in CO2RR and specificity toward formate
generation (Figure 24F).

Additionally, the amorphous-crystalline heterostructure influ-
ences the adsorption behavior of intermediates, altering the re-
duction products. Li et al. created a CeO2-Cu heterostructure dur-

ing CO2 reduction, which could steer the production of C2+ alco-
hols (Figure 24G).[204] Theoretical calculations suggested that in-
terfacial sites within the CeO2-Cu heterostructure enhanced the
adsorption of critical intermediates (*CO and *CH2CHO) and
promoted C-C coupling (Figure 24H). Besides, the required free

Figure 23. A) Diagram illustrating the reconstruction of np-AgBi to induce selectivity transformation of the product. B)HR-TEM images of np-AgBi under
CO2RR for 0 a), 30 b), and 135 c) minutes at −1.05 V. C) In situ Raman spectra of np-AgBi during various reaction stages of CO2RR. D) Changes in the
intensity of COad and *OCHO Raman peaks over Co2RR reaction time.[199] Copyright 2024, Elsevier. E) The correlation between the mass of amorphous
Sn loading and the maximum ammonia yield.[198b] Copyright 2019, Wiley. F) The simulation structure of amorphous NiS catalyst.[196a] Copyright 2017,
Cell Press. G) The overlap between the O 2p orbitals and Mo 3d orbitals changes with the valence of Mo. H) Schematic illustrating the changes in
Co-O-Mo active sites induced by reconstruction.[201] Copyright 2024, Elsevier.
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Figure 24. A) Comparative analysis of In/In2O3−x and In performance in LSV curves. Inset: Dynamic current density plot for In/In2O3−x. B) From left
to right: Band structures of In and In2O3, along with a schematic representation of the In/In2O3−x Schottky junction. (EF, representing the Fermi level;
EV, corresponding to the valence band; and EC, indicating the conduction band). Calculated Gibbs free energy diagrams of In, In/In2O3−x and In2O3
to produce C) formate and D) CO. E) Schematic illustration of a two-electrode electrolyzer cell coupling CO2 reduction with the octylamine oxidation
reaction. F) Faradaic efficiencies for CO and formate production in the electrolyzer.[203] Copyright 2020, Elsevier. G) Faradaic efficiencies of Cu and CeO2-
Cu catalysts for C2+ alcohol production across various potentials. H) Free energy diagrams of the products during electrocatalysis over Cu-Ce sites on
the heterostructure, from CO2 to ethylene versus ethanol. The configurations of the adsorption intermediates are shown in each state.[204] Copyright
2022, American Chemical Society.

energy for the C-C coupling step (*COCHO) was only 0.05 eV. No-
tably, the Cu-Ce binary center within the heterostructure played
a significant role in stabilizing the *CH2CHO intermediate,
thereby guiding the formation of C2+ alcohols. The higher free-
energy barrier of ethylene compared to ethanol over the Cu-Ce
site facilitated the selectivity of electrocatalysis. In a flow cell with
an alkaline electrolyte, the CeO2-Cu catalyst reached a faradaic ef-
ficiency of 32.9% ± 2.6% for C2+ alcohols, operating at a reduced
potential of −0.6 V versus RHE.

5.2.3. Selectivity Regulated by Amorphous Species

Amorphization of electrocatalysts during electrochemical reduc-
tion may alter the transformation pathways of intermediates,

achieving selective conversion. Qian et al. investigated that
the formation of an amorphous Bi2O3 shell promoted for-
mate production during the CO2RR (Figure 25A).[205] The
amorphous Ag-Bi bimetals (a-NPSB) exhibited higher per-
formance than Bi nanoparticles, delivering a specific current
density of 21.2 mA cm−2 and a mass specific current density
of 321 mA mg−1 at −1.15 V versus RHE, alongside an 88.4%
Faradaic efficiency for producing formate. Following the elim-
ination of the amorphous layer on the catalyst by multiple CV
cycles, a significant improvement in CO production activity
was observed, while this effect diminished over time due to the
in situ regeneration of amorphous species again (Figure 25B).
In situ development of distinct amorphous species may guide
the mode of adsorption of intermediate, facilitating the selec-
tive transformation of reactants. Wu et al. employed in situ

Adv. Funct. Mater. 2024, 34, 2405270 2405270 (38 of 47) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 25. A) Faradaic efficiencies of CO2RR products catalyzed by amorphous Bi2O3 at different potentials. B) Faradaic efficiencies of gas products (CO
and H2) during CO2RR on the catalyst with iterative amorphization at −1.0 V.[205] Copyright 2020, American Chemical Society. In situ Raman spectra of
C) the catalyst after removing the UiO-66 coating layer and D) UiO-66/Cu during the CO2RR process at the applied potential from −0.2 to −1.2 V versus
RHE.[197] Copyright 2022, Springer. Snapshots of molecular dynamics simulations for E) Eex-COF and F) COF. The spheres are color-coded as follows:
red for B, green for C, blue for N, yellow for O, and grey for H atoms.[198a] Copyright 2019, Nature Portfolio. G) Diagram of the configuration between
the Ru atom and the bridging S2

2− layer on the amorphous surface. H) H* and OH* adsorption energy on the active sites of amorphous structure.
I) TEM images of Ru-NiPS3 and the thickness of the amorphous layer after stability tests at different durations.[70] Copyright 2023, Nature Portfolio.
J) Schematic diagram of the corrosion resistance on in situ formed amorphous layer. K) Stability measurement of in situ amorphized catalysts in the
simulated and natural seawater solution.[201] Copyright 2024, Elsevier.

surface-enhanced Raman spectroscopy to demonstrate the op-
timized adsorption of intermediates on the in situ generated
amorphous ZrOx of UiO-66/Cu during the CO2RR process.[197]

The intensity of the atop-bound *CO intermediate signal
notably increased upon the derivation of amorphous ZrOx
(Figure 25C,D). The stabilization of atop-bound CO* interme-
diates on the catalyst surface could facilitate the C-C coupling
process for the selective production of C2+.

Otherwise, the presence of amorphous species could enhance
the adsorption of target reactants, thereby promoting selective
electrochemical reduction. Yang et al. discovered that the pro-
nounced amorphization of boron-rich COFs significantly en-
hanced N2 adsorption within the COF networks.[198a] Molecu-
lar dynamics (MD) simulations explored that the amorphous
structure on the electrochemically excited COF (Eex-COF) pro-
moted the aggregation of N2 molecules around the catalyst
(Figure 25E,F). The increased N2 physisorption by the amor-

phous phase greatly improved gas diffusion and supply toward
the active sites, thus facilitating the NRR reaction. The Faradaic
efficiency and NH3 yield rate of Eex-COF/NC reach their maxi-
mum values of 45.43% and 12.53 μg h−1 mg−1, respectively, at
−0.2 V versus RHE. Therefore, the favorable adsorption of re-
actants and intermediates on amorphous species could enhance
the selectivity transform in electrocatalysis.

5.2.4. Stability Contribution of the Amorphous Structure

In situ amorphization of electrocatalysts can result in the for-
mation of a new stable structure during electrochemical reduc-
tion. A restricted amorphous layer could act as a host for robust
active sites and demonstrate resilience against catalyst degrada-
tion. Zhao et al. proposed that in situ reconstructed amorphous
surface, abundant in bridging S2

2− species, could stabilize the
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active site Ru, resulting in superior HER activity and remarkable
durability of Ru-NiPS3.[70] Ru-doped NiPS3 reached an exchange
current density of 1180 μA cm−2. The electrode also demon-
strated remarkable durability for 45 h at a constant current den-
sity of 100 mA cm−2. Various characterization methods indicated
the formation of a stable amorphous shell enriched with Ru4+

during the HER process. DFT calculations exposed the strong in-
teraction of Ru with the bridging S2

2− amorphous layer (NiPS3-
ac-Ru-1), leading to enhanced structural stability (Figure 25G).
Moreover, NiPS3-ac-Ru-1 resulted in H* species being anchored
at the S site with an energy of −0.16 eV and OH* species at the
adjacent Ru site with −0.15 eV (Figure 25H). These dissociative
adsorption sites effectively safeguard the catalyst from active site
poisoning, thus improving catalyst durability. Therefore, the for-
mation of the amorphous layer with S2

2− effectively stabilized Ru
active sites and prevented its poisoning. In addition, Figure 25I
indicates that the amorphous structure remained stable after pro-
longed electrochemical activation, effectively enhancing stability.

Therefore, in situ reconstruction of amorphous structures
not only stabilized the active sites but also reinforced the cat-
alyst’s structural stability. The occurrence of a similar phe-
nomenon involving in situ formation of an amorphous layer is
widely acknowledged. Likewise, Han et al. engineered an amor-
phous Al2O3 phase via in situ electrochemical methods, enhanc-
ing the stability of active Cu+ sites to facilitate the production
of C2+ compounds.[206] Stable amorphous structures have also
been reported in other studies, such as the amorphous layer
on the CoMn-S@NiO[207] and amorphous BiFeO3.[208] In addi-
tion, Liu’s group inferred that an amorphous NiOOH surface
on VS/NixSy may protect sulfide species from corrosion in al-
kaline conditions, thereby maintaining high efficiency for al-
kaline HER.[209] Moreover, Meng et al. reported that in situ
formed MoO4

2− on an amorphous layer exhibited resistance to
seawater anions (Figure 25J).[201] Over a 1000 h test at a cur-
rent density of 500 mA cm−2, MoOx/Co(OH)2/NF exhibited only
a limited decline in activity. Even with extended exposure to
more harsh conditions during electrochemical stability testing,
MoOx/Co(OH)2 demonstrated consistent electrochemical perfor-
mance over 100 h (Figure 25K).

In contrast to the electrochemical oxidation process, there has
been relatively limited investigation into in situ amorphization
during reduction reactions. The role of the amorphous species
formed during reduction processes is analogous to that observed
during oxidation processes. Besides, the transition to an amor-
phous structure also can impede the electroreduction activity.[210]

It is imperative to conduct more research to explore the amor-
phization process and the reactivity of in situ formed amorphous
species.

6. Conclusion and Outlook

This review showcases recent advancements in comprehending
the in situ amorphization process of electrocatalysts. By lever-
aging both ex situ and in situ characterization techniques, re-
searchers can pinpoint amorphous species and track the amor-
phous transformation process. Amorphization primarily stems
from redox reactions within electrocatalysts under specific elec-
trocatalytic conditions, involving pathways like metal dissolution-
reprecipitation, diverse redox reactions, and atomic rearrange-

ment. Various electrocatalysts undergo distinct amorphization
during self-reconstruction. Strategies to regulate amorphization,
such as ion substitution, doping, and engineering heterogeneous
structures, have been applied to tailor the intrinsic properties
of catalysts. Moreover, morphological features of electrocatalysts,
such as size, density, and porosity, significantly influence the
amorphization process. Electrochemical operational parameters
like potential and specific anions in electrolytes can also affect the
activity of amorphous species and the kinetics of amorphization.
These approaches can help to control the degree of amorphiza-
tion and promote diverse amorphous structures, thereby impact-
ing electrochemical activity.

Understanding the implications of in situ-generated amor-
phous layers remains a challenge. In electrochemical oxida-
tion/reduction reactions, these amorphous species are believed
to provide highly active sites, thereby amplifying the inherent cat-
alytic efficacy of electrocatalysts. Besides, the presence of amor-
phous species with varying coordination environments and de-
fects, as well as the formation of amorphous-crystalline inter-
faces, can markedly impact the activity of catalytic sites and al-
ter the adsorption energies of reactants and intermediates. More-
over, the stability and selectivity of electrocatalysts can be en-
hanced through the formation of amorphous layers. Unfortu-
nately, certain catalysts may experience a decrease in catalytic
activity and stability following amorphization or excessive amor-
phization. There is currently a lack of research uncovering the
mechanisms behind the formation of highly active amorphous
species. Several challenges and opportunities can be delineated
in this regard.

Electrocatalysts undergo dynamic reconstruction to form
amorphous structures during electrochemical activation, influ-
enced by factors such as the inherent properties of catalysts, op-
erating conditions, and reaction environments. In situ/Operando
techniques are suggested to monitor instantaneous alterations in
the structure, composition, and electronic properties of catalysts.
In addition, in situ technologies can be employed to monitor the
dynamic processes at the catalyst-electrolyte interface, such as the
adsorption and transformation behaviors of intermediates on the
catalyst surface, and the degradation process of the catalyst. Im-
portantly, the local properties of catalysts are critical for the cat-
alytic process. Therefore, advanced characterization technologies
with temporal sensitivity and high resolution are urgently needed
to uncover the spatial amorphization process, such as atom probe
tomography (APT), scanning electrochemical microscopy, and
AFM.

The precise reason for the generation of amorphous struc-
tures during different electrochemical reactions is not fully mas-
tered. While most efforts have concentrated on exploring the phe-
nomenon of amorphization, it is essential to explore the corre-
lation between precatalysts’ electronic structure and the intrin-
sic factors that induce amorphous evolution. Theoretical calcu-
lations can help in assessing the amorphization process by con-
structing an appropriate model. On the other hand, considering
alternative methods such as machine learning could contribute
to predicting the evolution of amorphous structures, given the
complexity of various electrochemical reaction conditions and in-
termediates.

During electrocatalysis, the active sites of catalysts change
due to in situ amorphization, and catalytic intermediates may
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influence the evolution of amorphous structural dynamics. Es-
tablishing universal principles to elucidate structure-activity re-
lationships poses a challenge due to the complex nature of cat-
alyst amorphization. Therefore, it is crucial to analyze the real-
time distribution of products and the relationship between amor-
phous structural evolution. By comprehensively analyzing the
relationships between catalyst structure, reaction efficiency, and
product distribution, researchers can identify key factors regu-
lating catalytic performance. This knowledge not only enhances
our fundamental understanding of electrocatalytic processes but
also facilitates the design of tailored electrocatalysts with opti-
mized properties for specific applications, ultimately leading to
improved efficiency and selectivity in various electrochemical re-
actions.

The in situ generated amorphous structures exhibit enhanced
activity and stability, enabling selective transformations in elec-
trochemical processes and offering significant potential for vari-
ous applications. The catalytic performance of the in situ amor-
phized electrocatalyst relies on both the degree of amorphization
and the properties of the amorphous species. To achieve high se-
lectivity transformations to specific products, further exploration
is needed to develop suitable catalysts. Despite the promising per-
formance of reconstructed amorphous catalysts, their practical
application remains limited to laboratory experiments. Advanced
theoretical calculation methods can be employed for catalyst de-
sign, allowing rapid screening and optimization of catalyst can-
didates with desired properties. Coupled with experimental vali-
dation, wherein catalyst performance is assessed under realistic
operating conditions, these computational tools can significantly
expedite the development of effective catalytic materials.

In conclusion, this review underscores the significance of un-
derstanding in situ amorphization of electrocatalysts. A com-
prehensive understanding of the mechanisms underlying amor-
phous formation, regulation of amorphous structure formation,
and elucidation of amorphous phase activity are crucial steps in
exploring amorphization in electrocatalysis. However, achieving
a thorough understanding of amorphization and precise control
of amorphous activity remains challenging due to the complex-
ity of in situ amorphization processes. In the future, advanced
characterization techniques and theoretical computational meth-
ods could be employed to deepen understanding of the mecha-
nisms behind amorphization. Furthermore, the application of ad-
vanced computational strategies, such as machine learning that
harnesses extensive existing research data and sophisticated algo-
rithms, may uncover complex relationships between amorphiza-
tion and its influencing factors. This approach would support the
rational design of catalysts and the optimization of electrochem-
ical conditions, ultimately enabling controlled amorphization of
electrocatalysts.
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