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Active sites play a pivotal role in photo/electrocatalysis, particularly in the transition from fossil fuels to
clean, efficient and renewable energy sources. Precise identification of catalyst active sites and
understanding of their dynamic transformation are crucial for engineering the activity, selectivity and
stability of a catalyst for a specific reaction. Herein, we provide an in-depth and interdisciplinary
overview of the recent advancements in dynamic transformation of active sites in photo/electrocatalysis.
Firstly, we explore the underlying principles of the dynamic reconstruction, focusing on dynamic
transformations in surface structure, composition and properties. Subsequently, advanced operando/

Received 30th May 2024, in situ characterization for dynamic transformation is summarized, to provide mechanistic insights for
Accepted 19th July 2024 the identification of such processes. In order to improve catalytic performance, we discussed
DOI: 10.1039/d4ee02365 comparatively the triggers and the corresponding reaction mechanisms of the dynamic process. Finally,

we present an insightful analysis of the challenges and the future prospects for the applications of
rsc.li/ees dynamic transformation of active sites in photo/electrocatalysis.

Broader context

In recent years, there has been a surge in research focused on understanding the dynamic transformations of active sites in photo/electrocatalysis, driven by the
urgent need for transition from fossil fuels to renewable energy sources. Our review provides an interdisciplinary overview of recent advancements in the area of
energy and environmental catalysis, encompassing the origins, identification methods, and targeted construction of dynamic transformations. We commence
our review by exploring the origins of dynamic reconstruction under reaction conditions, delving into dynamic transformations involving changes in surface
properties, composition, and structure. Subsequently, we summarize advanced operando/in situ characterization for dynamic transformations, offering valuable
insights for the identification and detailed investigation of these processes. To manipulate the dynamic conversion of active sites and improve catalytic
performance, we discuss various triggers, corresponding reaction mechanisms, and the resulting photo/electrocatalytic performance. Additionally, we present
an insightful analysis of the challenges and outline future prospects for the dynamic transformation of active sites in photo/electrocatalysis.
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1. Introduction

In the contemporary epoch, the burgeoning severity of global
energy and environmental crises has considerably expedited
the development of renewable energy technologies, encompass-
ing notably hydroelectric, wind, and solar power.' Among
these, solar energy has led the way to the development of
sustainable energy storage and conversion systems, turning
its instability and intermittency to continuous and reliable
utilization, e.g. via photovoltaics and photoelectrochemical
catalysis.”” Meanwhile, electrochemistry has drawn great scien-
tific interest for providing sustainable energy carriers, such as
hydrogen (H,), as well as energy conversion and storage
devices, including metal-air/ion batteries, electrolyzers and
fuel cells.*” Such systems rely on various photo/electrocatalytic
redox couples, such as the oxygen reduction reaction (ORR),
oxygen evolution reaction (OER), hydrogen evolution reaction
(HER), carbon dioxide reduction reaction (CO,RR), nitrogen
(NRR) and NO,
(NO,RR).5™" Catalysts play a critical role in activating inert
reactants and determining reaction pathways, which are often
influenced by the dynamic transformation of the active sites
that adapt to the chemical potential environment under opera-
tional conditions.">'? Therefore, comprehending the dynamic
behavior of active sites is essential for the rational design of
catalysts to ensure high-efficiency energy and environmental
applications.

Since Taylor introduced the concept of the ‘active site’ in
1925,"* research on fundamental catalysis has focused on the
identification of catalytically active species and the comprehen-
sive understanding of their operational mechanisms.'® Cataly-
tically active sites, representing a small proportion of a
catalyst’s energetically favorable surface, comprise individual
atoms or specific groups of atoms concentrated at surface
facets and defects, such as edges, corners and amorphous
regions.'® Generally, catalysts lower the activation energy for
molecular conversion by chemically binding reactant mole-
cules, thereby leading to proton and/or electron transfer
between the reactants and the active sites."” Therefore, catalytic
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processes, particularly those that necessitate energy-driven
conditions, such as temperature, voltage or photo-irradiation,
inevitably induce changes in the geometric and electronic
structures of catalysts. These changes, referred to as dynamic
reconstruction, encompass alterations in chemical valences,
phases, structures, and coordination environments.'®'® For
thermal catalysis, the charge transfer primarily occurs on the
catalyst’s surface and can be attributed to surface reconstruc-
tion resulting from interactions with reactants.”® However,
electrocatalytic and photocatalytic processes generally involve
charge transfer throughout the entire catalyst rather than being
confined to surface active sites.>' Specifically, the absorption of
photons triggers the generation of charge carriers in photo-
catalysts, and the application of an external voltage drives
electron migration towards electrodes and surfaces during
electrocatalysis.>* Active sites in photo(electro)catalysts are
thermodynamically metastable and transiently arise from inter-
actions with, under photo illumination and/or applied bias,
electrolytes and reactants/intermediates.>® By investigating the
dynamic transformation of catalysts, valuable information
about active sites can be obtained, allowing us to uncover
possible mechanisms for the activation and deactivation of
(pre)catalysts.

The increasing global focus on sustainability has prompted
the substitution of conventional thermal heterogeneous cataly-
tic processes with renewable-powered photo/electrocatalytic
processes.”® Fig. 1 showcases the developments and discoveries
of the reconstruction of various chemical compounds and
materials. We observe a trend towards increasingly precise
construction of such materials, transitioning from the elucida-
tion of oxide chemical reconstructions to the precise modula-
tion of reconstructions involving specific elements or
This progression underscores notable
advancements in our comprehension and characterization of
the reconstruction mechanisms. In recent years, the develop-
ment of in situ/operando characterization techniques has
unveiled substantial dynamic transformation in catalysts dur-
ing photo/electrocatalytic reactions.>® The dynamic transforma-
tions of catalysts span from atomic-scale surface property
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changes (a few A) to phase transformations at a relatively larger
scale (tens of nm), and even significant variations in morphol-
ogies (to mm). As illustrated in the summary plot of the
relationship between the size of pre-catalysts and the thickness
of reconstruction layers (Fig. 2), it is apparent that specific
elements or nanostructures frequently correspond to varying
scales of reconstruction. This phenomenon underscores our
ability to strategically design catalysts with tailored reconstruc-
tion patterns. Generally speaking, these dynamic transforma-
tions are able to modulate photo/electrocatalytic behaviors,
such as adsorption, activation and desorption, and can be
engineered to enhance catalytic performance.>>*” However, it
should also be acknowledged that the reconstructed photo/
electrocatalysts may experience ongoing restructuring through-
out a catalytic process, which may result in the loss of active
components and the degradation in catalytic activity.*® This
dynamic transformation also serves as a clear indication of the
eventual deterioration of the catalyst, commonly referred to as
catalyst corrosion.>?° In this regard, optimizing the recon-
struction process to produce a profusion of active sites with
high intrinsic activity represents a powerful strategy for enhan-
cing the catalytic performance of photo/electrocatalysts.>

To date, the existing reviews on the dynamic transformation
of electrocatalysts mainly focus on either one or a limited
number of energy and environmental applications, such as
the OER, CO,RR and HER.*’ In addition, they enumerate
various types of restructuring catalysts without associating
restructuring triggers with specific types of elements.>*>* It is
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highly desirable to rationalize the discovered correlations
between restructuring triggers and different categories of
reported elements for engineering the reconstruction from
various perspectives (Fig. 3). This endeavor aims to facilitate
more effective utilization of certain elements in constructing
specific catalysts via restructuring processes. Recent studies on
dynamic transformation have been found in diverse photo/
electrocatalytic systems for energy and environmental applica-
tions, albeit with varied quantity of literature available across
these fields.>® The emergence and maturity of nanotechnology
have dissolved the boundaries of single-disciplinary fields and
facilitated multidisciplinary investigations across diverse scien-
tific domains.>® Undoubtedly, understanding the dynamic
transformation mechanism of photo/electrocatalysts, optimiz-
ing the reconstruction processes, and uncovering the true
structure-activity relationship call for interdisciplinary efforts
in order to achieve a noteworthy breakthrough in formulating
photo/electrocatalysts.”” In addition, this can form a robust
foundation for comprehending the dynamic transformation of
catalysts and serve as a pioneering reference in engineering
multifunctional catalysts for photochemical and electrochemi-
cal reactions.

This review aims to present an in-depth analysis, critical
assessment and new insight of the dynamic transformation
into active sites in the realm of energy and environmental
catalysis, including the origin and types of dynamic transfor-
mation, the underlying principles, the identification methods
with related operando/in situ or multiangle/level analyses, and
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several triggers of dynamic transformation, which are categor-
ized into single atom catalyst induction, defect engineering,
heterostructure construction, leaching, and crystallinity mod-
ification, as well as the photo/electrocatalytic applications in
energy and environmental domains, such as electrocatalytic
HER/OER/CO,RR/NRR and photocatalytic pollutant degrada-
tion/HER/OER/CO,RR. Note that the focus is on the theory-
structure-activity relationships and some optimization strate-
gies of dynamic transformation, benefiting from the mitigation
of the adverse effects resulting from these transformations and
exploring potential positive effects that may emerge. Finally, we
propose the existing challenges and novel opportunities that
hold the promise of propelling the development of dynamic
transformation in photo/electrocatalytic reactions and contri-
bute to the rational design of high-performance earth-
abundant photo/electrocatalysts.

2. Fundamentals of dynamic
transformation

Catalytic systems involving dynamic transformation of active
sites have emerged as a common occurrence in the scientific
literature, garnering increasing attention and interest from
scholars across various disciplines.*® An in-depth study of
dynamic transformation enables precise customization of
intrinsic properties and facilitates the discovery of new phe-
nomena in nanomaterials. Theoretical insights into dynamic
transformation are crucial for understanding reaction mechan-
isms and optimizing catalyst design for specific processes. The
purpose of this section is to deliver a thorough introduction to
the fundamentals of the dynamic transformation of photo/
electrocatalysts, encompassing their origin, various types and
identification methods (Fig. 4).
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Summary of the correlation of various factors that can affect the dynamic transformation during energy and environmental catalysis.
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2.1 Origins

To gain a deeper understanding of the dynamic evolution of
active sites, it is crucial to trace their origin. It is widely
acknowledged that the realization of high catalytic activity
and selectivity in most catalytic reactions critically hinges upon
the meticulous establishment of tailored reaction conditions.
However, such stringent conditions may inevitably induce the
dynamic structural evolution of catalysts.*® Generally, the
energy input intensity (e.g., applied bias and light radiation)
serves as the driving force to induce the dynamic transforma-
tion of photo/electrocatalysis.'’ Variable testing conditions,
including reaction medium, temperature, and reaction time,
play a crucial role in modulating the energy input intensity,
which can influence the stability of precatalysts and impact
their degree of reconstruction.’

2.1.1 Electrocatalytic reactions. In an electrocatalytic reac-
tion, the applied potential acts as the driving force necessary to
surpass the minimum Gibbs free energy barrier for the
reaction.*’ Under practical operations, unsatisfactory reaction
conditions and substantial kinetic barriers often require the
application of a considerably more negative or positive
potential than the equilibrium potential to enable practical
reactant conversions with improved scalability.*> Extensive
research has shown that the applied potentials used to drive
molecule conversions often overlap to some extent with the
redox potentials of the electrocatalysts.”> When the applied
potential exceeds the redox potential of the electrocatalysts, the
conversion of reactant molecules and the variation of the
surface properties of electrocatalysts occur simultaneously.**
If the process remains irreversible despite returning the
potential to its original state, it will drive persistent evolution,
leading to the gradual emergence of a newly reconstructed layer
with different species.*®

In order to elucidate the electrocatalyst reconstruction beha-
vior, electrocatalysts can be conceptually simplified as materi-
als consisting of active sites and ligands. The active center,
often composed of a metallic or nonmetallic element (e.g.,
carbon), exhibits electrocatalytic activity, while the ligands
can encompass either metallic/nonmetallic elements or mole-
cules capable of coordination. Then, the dynamic transforma-
tion of the electrocatalyst can be perceived as encompassing the
oxidation/reduction and dissolution/redeposition of active sites
and ligands, along with the incorporation of new ligands.
Typically, electrocatalysts tend to undergo oxidation or partial
oxidation when the applied potential surpasses the theoretical
potential for electron loss from active sites or ligands, resulting
in the dissolution and substitution of active sites or ligands. In
contrast, at sub-theoretical electrode potentials for electron
acquisition, electrocatalysts experience reduction or partial
reduction. This can lead to ligand dissolution and substitution,
but active site dissolution is generally not observed in this case.
During potential cycling, active sites/ligands that have dis-
solved at high potential are subsequently redeposited onto
the surface of the electrocatalyst when the potential is reduced.

The testing conditions can primarily influence specific
redox potentials and govern the extent of electrocatalyst

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

reconstruction. Under specific testing conditions (temperature,
electrolyte and pressure), the reduction of initial potential
affords the creation of highly reactive sites at low potential,
thereby decreasing the overpotential of the electrocatalytic
reaction. Among these testing conditions, the pH value and/
or cation size of electrolytes have a large influence on the
dynamic reconstruction of electrocatalysts. In the context of
ligand substitution reconstruction, oxygen acts as a potential
substituent within an acidic environment, while in an alkaline
medium, a hydroxyl group could potentially undergo replace-
ment. Furthermore, the cation sizes in the electrolyte exhibit a
pronounced influence on the adsorption characteristics of the
electrocatalyst. For example, through the synergistic effect of
enlarging the alkali-metal cationic sizes within the electrolytic
medium and incorporating subsurface oxygen species that
promote the adsorption for CO,, a notable enhancement in
the C-C coupling process on the reconstructed CuO, electrodes
was observed (Fig. 5a).%°

2.1.2 Photocatalytic reactions. During photocatalytic reac-
tions, the photon energy triggers the generation and separation
of photoinduced electrons and holes, and these charge carriers
then migrate to the surface active sites to initiate the redox
reactions. To compensate for the loss of charge carriers during
migration, it is often necessary to increase the intensity of the
incident light radiation beyond the minimum required value.>>
This ensures an adequate supply of charge carriers to sustain
and drive the photocatalytic reactions effectively. Another fact
that cannot be ignored is that the interaction between these
charge carriers and the semiconductor and/or co-catalyst upon
contact is inevitable, resulting in the occurrence of oxidation
and reduction processes of the photocatalyst induced by photo-
induced electrons and holes, respectively.>® It is noteworthy
that the incorporation of specific sacrificial agents can con-
sume a certain quantity of photoinduced carriers, thereby
diminishing the efficacy of photocatalyst reconstruction. This
suggests that the degree of photocatalyst reconstruction can be
modulated by the type and concentration of sacrificial agents.

Beyond the photoinduced carriers, some reactants can also
participate in the reconstruction of the photocatalysts. The
interaction between the reactants and the photocatalyst surface
can lead to the formation of new active sites, enhance the
charge separation and transfer efficiency, and ultimately
improve the photocatalytic performance of the system. For
example, the surface of TiO, can undergo atomic rearrange-
ment when exposed to H,O molecules, and light irradiation
further amplifies the extent of these structural modifications.>*
Thin amorphous layers were formed, measuring approximately
1-2 atomic layers in thickness, on crystalline TiO, nano-
particles subsequent to their exposure to ultraviolet irradiation
and H,O vapor. In addition, molecular co-catalysts that exhibit
strong affinity towards photocatalyst surfaces have shown
remarkable potential in inducing electronic structural modifi-
cations, thus resulting in a mild surface reconstruction. The
utilization of molecular co-catalysts, such as CF;CO,H and
ethylenediamine, has exhibited commendable enhancement
in photocatalytic performance.>>>®

Energy Environ. Sci., 2024,17, 6435-6481 | 6439
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Fig. 5 (a) CO* formation free energy calculated in the absence and presence of Li*, Na*, K*, and Cs* on bare Cu(100) and Cu(100) with 2/9 ML O°. This
figure has been reproduced from ref. 46 with permission from American Chemical Society, copyright 2018. (b) Schematic representation of the variation
in the chemical state of Cu during photocatalysis. This figure has been reproduced from ref. 47 with permission from Nature, copyright 2019. (c) Structure
and dynamics of the N-FeN4C;o moiety in the ORR with optimized geometries (the angles represent the deviation of iron from the N4-plane). This figure
has been reproduced from ref. 48 with permission from Elsevier, copyright 2020. (d) Schematic representation of the catalyst reconstruction process: (I)
the as-synthesized metallic Cu NPs, (Il) the catalyst oxidation and dissolution of Cu ions into the electrolyte, (Ill) the redeposition of dissolved ions onto
the catalyst when a reducing potential is applied, and (IV) the dissolution of smaller particles into transient species, whose nature remains unknown to
date, that contribute to the growth of larger nanoparticles under a constant applied potential during cell operation. This figure has been reproduced from
ref. 49 with permission from Wiley-VCH, copyright 2020. (e) SEM images and a high-resolution TEM image of pristine FeS/IF, FeS/IF after the HER and
FeS/IF after the OER. This figure has been reproduced from ref. 50 with permission from Elsevier, copyright 2018. (f) SEM of images of the as-prepared
(pristine) CoS,/NGF and the CoS,/NGF after the OER. This figure has been reproduced from ref. 51 with permission from American Chemical Society,

copyright 2018.

2.2 Types

The dynamic transformations of photo/electrocatalysts can be
systematically classified based on the length scale of these
transformations, spanning a diverse range that extends from
the atomic-level alterations (a few A) manifesting in the surface
properties, to the macroscopic dimensions (tens of nm) asso-
ciated with phase transformations, and even encompassing
obvious structural reconstructions. The comprehensive eluci-
dation is presented as follows.

2.2.1 Surface properties

2.2.1.1 Chemical states. The surface properties of photo/
electrocatalysts can transform as a consequence of intricate
interactions among reactants, charge carriers and active sites.
The chemical states of a catalyst can readily undergo alterations
during the process of photo/electrocatalysis.>” Typically, the
occurrence of more negative potential conditions and the
generation of photogenerated electrons tend to facilitate the
establishment of a metallic state. While exposed to relatively
positive potentials or in contact with photogenerated holes,
catalysts generally exhibit a preference for existing in an
oxidized state.>® It is easily comprehensible that the initially
present oxidized species of metals, such as titanium oxide or
copper oxide, in catalysts can undergo reduction to a lower

6440 | Energy Environ. Sci., 2024,17, 6435-6481

valence state by photogenerated electrons or by the application
of cathodic potentials.” It is crucial to emphasize that even in
the case of a metal-based initial catalyst, rapid oxidation
reactions can occur upon exposure to air or the electrolyte
under open circuit potential conditions, resulting in the for-
mation of a thin oxide layer on the surface of the metal
catalyst.®® This oxide layer can also be reduced by photogener-
ated electrons or under cathodic potentials. The presence and
characteristics of this reduced oxide layer have a pronounced
influence on subsequent catalytic processes.®’ One notable
example is the reduction of Cu,O to metallic Cu observed
under CO,RR conditions.®®> This reduction process results in
an increased metallicity of the copper electrode, which subse-
quently promotes C-C bond formation under high cathodic
polarization. In addition, the PtO species of the PtO-TiO,
photocatalyst experienced partial reduction when exposed to
light irradiation due to the presence of photogenerated
electrons.®?

The dynamic transformation of catalysts to an oxidized state
generally occurs in oxidation reactions, which necessitate a
significant driving force to overcome the slow kinetic barriers,
such as the OER.®* Metal redox in oxide-hydroxide catalysts is
feasible due to the mobility of lattice oxygenic ligands, enabling
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their exchange with water molecules.®® For example, a signifi-
cant proportion of Co ions undergoes a valence state transition
from Co** to Co*" in response to voltage and time variations
accompanied by spontaneous delithiation.®® The high OER
activity is primarily attributed to the highly oxidized Co*" site,
as opposed to the Co®" site or the oxygen vacancy site. NiO,
species, commonly used as oxidation cocatalysts for photoca-
talytic water splitting, can be oxidized to form NiO(OH) when
exposed to photogenerated holes during the early stages of the
reaction.®” The formation of Ni** species played a crucial role in
facilitating the OER process and contributed to the overall
efficiency of the photocatalytic water-splitting reaction. Beyond
metal oxides, high-valent metals have been found to be crucial
in various OER catalyst systems, including metal phosphides,
sulfides, phosphates, carbides, etc. Starting from cobalt phos-
phates, Co®" in the pristine precatalyst can be oxidized to Co**,
which acts as the active species for the OER activity.®®*°

2.2.1.2 Coordination environments. In empirical investiga-
tions and utilizing powdered samples, it has been substan-
tiated that altering the spatial positioning of an individual
metal atom on a support surface can result in a discernible
change in the coordination environment surrounding the
metal atom. The mobility of catalytic metal atoms across a
surface or the removal of coordinated anions in the support,
thereby creating a vacancy, can potentially lead to the emer-
gence of an alternative coordination environment. The ensuing
alterations in both geometric and electronic structures exert a
significant influence on the catalytic activity. Taking the Cu-
TiO, catalyst composed of isolated Cu' sites as a typical
example, the presence of photogenerated electrons leads to
the formation of Cu' species encircled by a distorted support
structure, arising from the partial reduction of Ti' to Ti™
(Fig. 5b). Such modified Cu' species serve as the active sites
responsible for the photocatalytic HER.*”

During the ORR process, there is often a dynamic transfor-
mation observed between planar and curved coordination
geometries in the structural evolution of M-N, sites. Near the
ORR onset potential (0.9 V vs. RHE), a reduction in the Fe-N
bond length occurs as the central Fe atom in N-FeN,C;, moves
towards the N,-plane (Fig. 5c¢).*® This structural change was
coupled with the transformation of Fe** from a high-spin (HS)
to a low-spin (LS) electronic state with the formation of an O,—
FeN; intermediate. Conversely, during the formation of the O,—
FeN, intermediate at higher bias potentials (0.7 V and 0.5 V
versus RHE), as the central Fe atom within the FeN,C;, species
shifted away from the N,-plane, the Fe-N bond length under-
went an expansion. This structural modification was concur-
rent with the conversion of the Fe*" electronic state from LS to
HS.

2.2.2 Composition changes

2.2.2.1 Element redistribution. Element redistribution is
a prevalent occurrence in the reactions of bimetallic or
multi-metallic catalysts, and one illustrative example of this
phenomenon is found in alloy catalysts. Alloy nanoparticles
have garnered widespread utilization in a multitude of
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electrocatalytic reactions, encompassing the ORR, alcohol oxi-
dation and water oxidation. Notably, the distribution of metals
within a catalyst after utilization can exhibit marked disparities
when compared to the initial pristine or precatalyst state. For
instance, PtM nanoparticles, where M typically represents first-
row transition metals like Fe, Co, Ni, or Cu, undergo a trans-
formation into core-shell structures during electrochemical
processes, characterized by a PtM core enveloped by a Pt shell,
owing to the electrochemical de-alloying. The de-alloyed bime-
tallic nanoparticles exhibit enhanced activity in comparison to
their more homogeneous counterparts, which can be attributed
to the distinctive electronic properties of the Pt shell, as well as
the lattice strain that arises at the interface between the Pt shell
and the alloyed core.”®

The phenomenon of segregation in composite metal-oxide
materials leads to the transformation of a uniform solid into
one characterized by the presence of interfacial structures.”*
This can be exemplified by considering perovskite materials,
where certain metal ions have the propensity to undergo
reduction during the process of high-temperature solid oxide
fuel cells, resulting in the formation of metallic regions.”” In
most reported works, the active catalyst is not a pristine starting
(pre)catalyst but, instead, an in situ-formed structure. In some
cases, chemical segregation can yield an active material, but it
may also exert a detrimental influence on electrocatalytic
performance. Taking MnCo spinel oxides as an example,”
Mn sites exhibited the ability to activate O,, while Co sites are
proficient in activating H,O, in the alkaline ORR. However,
when Mn or Co oxides were segregated into distinct surface
patches, the cooperative interaction between these two differ-
ent metals was compromised, resulting in an inefficient per-
formance of the ORR.

2.2.2.2 Phase transformation. Under most circumstances, a
pristine (pre)catalyst undergoes a crystal phase transformation
when exposed to the catalytic reaction conditions. This trans-
formation can involve transitioning into an amorphous phase
or evolving into different chemical substances. Subsequently,
the catalyst adopts a new crystal phase, enabling its continued
participation in the catalytic reaction. Metal-organic frame-
works (MOFs) represent a category of compounds characterized
by the formation of coordination bonds between organic
ligands and metal ions or clusters. Within MOFs, these metal
components serve as active sites, exhibiting notable attributes
such as high mono-dispersibility and atomic efficiency. None-
theless, an inherent issue with MOF-based photocatalysts is
their vulnerability to instability under reaction conditions. The
presence of photogenerated electrons, holes, and radicals can
lead to the degradation or collapse of the framework structures
of MOFs. Accordingly, the application of MOF photocatalysts
has frequently been associated with a decrease in crystallinity
or a transition to amorphous structures.”* Several MOFs, such
as NiCo-MOF, NiFe-MOF, and CoFe-MOF, have risen in pro-
minence for their pivotal roles in electrochemical reactions,
notably as effective electrocatalysts for the OER. Recent inves-
tigations have confirmed that the actual catalytic species for the
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OER in MOFs are derived from the reconstruction of oxyhydr-
oxides rather than originating from the pristine metal nodes. A
ligand substitution mechanism has been proposed to elucidate
the reconstruction of ZIF-67 during the OER.”> Upon exposure
to an electrolyte containing alkaline hydroxide ions, the tetra-
hedral Co-bonded mIM molecules on the surface layer of ZIF-67
would be substituted by hydroxide ions, resulting in the for-
mation of Co(mIM);OH, Co(mIM),0OH,, Co(mIM)OH; , and
eventually Co(OH),>”, often denoted as o-Co(OH),. As the
applied potential is increased, a-Co(OH), would suffer a phase
transition, transforming into p-Co(OH),. Then, the oxidation
would occur in both «-Co(OH), and B-Co(OH),, ultimately
giving rise to COOOH, which represented the authentic catalytic
species involved in the OER.

Many oxide-based electrocatalysts for the OER undergo the
formation of amorphous metal hydroxide layers during cataly-
sis, which generally depends on the reaction conditions and
material composition. The formation of amorphous surface
layers commences at the surface and extends into the internal
regions, suggesting that these amorphous layers exhibit poros-
ity, enabling the diffusion of H,O and its subsequent reaction
with the bulk oxide.”® For some metal (such as Fe, Co and Ni)
oxides, the amorphous hydroxide layer is indeed produced
through oxide hydration and exhibits a structural similarity to
a layered double hydroxide (LDH).”” The high oxidation
potential exhibited by Co™ or Fe'™ species within the amor-
phous layer is conducive to the dissociation of H,0.”® The
dissolution and subsequent re-deposition of metal ions have
been conspicuously observed in the realm of these composite
oxide catalysts. In addition, perovskite materials can similarly
undergo transformation into amorphous layers during cataly-
sis, a phenomenon driven by element-specific dissolution
mechanisms.”® As for other metal compounds, such as phos-
phides, carbides, nitrides or sulfides, the generation of hydro-
xide layers is attributed to the oxidation of the original catalyst
by oxygen-containing species, followed by the hydrolysis of the
formed oxide product. In fact, these metal-based compounds
can also serve as photocatalysts or cocatalysts in photocatalytic
water splitting. Similar to the electrocatalytic reaction process,
these metal-based photocatalysts also inevitably experience
phase transformation. For example, the metallic Ni, employed
as a cocatalyst for photocatalytic HER, could undergo progres-
sive oxidation initiated by photogenerated holes, ultimately
dissolving in H,0 and leading to the creation of a hollow NiO
structure.’ In the context of NiO, species functioning as
cocatalysts in the photocatalytic OER, these species could be
oxidized to NiO(OH) when exposed to photogenerated holes,
and these Ni(m) species in NiO(OH) were the essential active
sites for the OER.®7%%%!

2.2.3 Structural reconstruction

2.2.3.1 Size. A prevalent structural change observed in mate-
rials during catalysis is the alteration of the particle size. The
sintering of catalysts, which leads to a reduction in the specific
surface area and potential change in the coordination environ-
ment, is a key factor in irreversible deactivation. In the context
of metal nanoparticle sintering on a support, two principal
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mechanisms are proposed: the dissolution of metal into the
electrolyte followed by its subsequent redeposition on the
support, a phenomenon known as Ostwald ripening, or direct
particle coalescence.’> When a Pt catalyst is employed in a
proton-exchange membrane fuel cell, the impetus driving
Ostwald ripening and particle coalescence stems from a redox
transformation involving the conversion between metallic Pt°
and Pt**/Pt**, which is markedly expedited during voltage
cycling and intricately linked to the catalyst’s morphological
characteristics.®® Specifically, Pt undergoes size-dependent oxi-
dation to Pt>* during electrocatalysis. Subsequently, the oxi-
dized Pt species may dissolve in acidic electrolytes, and they
can either migrate to the anode for reduction by H,, resulting in
the formation of large nanoparticles, or they may undergo re-
reduction at the cathode.

Likewise, the sintering of a metal co-catalyst can take
place when subjected to light irradiation and H,O vapor.
When compared to metal nanoparticles, subnanometer metal
species, including isolated atoms or clusters, used as cocata-
lysts on semiconductors, exhibit enhanced photocatalytic
performance.®"®® However, Pt atoms and clusters, commonly
used as cocatalysts in the photocatalytic HER, may sinter,
yielding more active Pt nanoparticles (~1 nm) compared to
isolated Pt atoms or larger counterparts.®®*” During the photo-
catalytic water splitting, the photogenerated electrons and
hydrogen-containing intermediates can induce the reduction
of Pt"" cations to highly dispersed Pt nanoparticles, and the size
of partially oxidized Pt co-catalysts can be maintained at less
than 2 nm by precise control, contributing to the efficient
photocatalytic overall water splitting by effectively inhibiting
the reverse reaction between H, and O,.”> Due to their high
associated surface free energy, transition metal oxide photo-
catalysts are prone to sintering when particle sizes are less than
10 nm. As a typical example, considering CoO nanoparticles
with sizes below 10 nm, the sintering phenomenon observed
during photocatalytic overall water splitting can be attributed
to the generation of amorphous Co(OH), on the particle surface
and the subsequent dehydrative coalescence.®®

In addition, the dissolution and redeposition process of the
catalyst within the electrolyte exerts a significant impact on its
size. The removal of atoms from the catalyst surface can directly
dissolve into the electrolyte, resulting in a reduction in the
catalyst size. Nevertheless, dissociated metal atoms located
n