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ABSTRACT: Electrocatalytic water splitting driven by renewable electricity has been
recognized as a promising approach for green hydrogen production. Di�erent from
conventional strategies in developing electrocatalysts for the two half-reactions of water
splitting (e.g., the hydrogen and oxygen evolution reactions, HER and OER) separately,
there has been a growing interest in designing and developing bifunctional electrocatalysts,
which are able to catalyze both the HER and OER. In addition, considering the high
overpotentials required for OER while limited value of the produced oxygen, there is
another rapidly growing interest in exploring alternative oxidation reactions to replace OER
for hybrid water splitting toward energy-e%cient hydrogen generation. This Review begins
with an introduction on the fundamental aspects of water splitting, followed by a thorough
discussion on various physicochemical characterization techniques that are frequently
employed in probing the active sites, with an emphasis on the reconstruction of bifunctional
electrocatalysts during redox electrolysis. The design, synthesis, and performance of diverse
bifunctional electrocatalysts based on noble metals, nonprecious metals, and metal-free
nanocarbons, for overall water splitting in acidic and alkaline electrolytes, are thoroughly summarized and compared. Next, their
application toward hybrid water splitting is also presented, wherein the alternative anodic reactions include sacrificing agents
oxidation, pollutants oxidative degradation, and organics oxidative upgrading. Finally, a concise statement on the current challenges
and future opportunities of bifunctional electrocatalysts for both overall and hybrid water splitting is presented in the hope of guiding
future endeavors in the quest for energy-e%cient and sustainable green hydrogen production.
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1. INTRODUCTION

With the rapid development of global economy and the
continuous growth of population, it has become evident that
the limited reserves of nonrenewable fossil fuels will no longer
be able to meet the ever-increasing energy demands of
mankind.1−5 Furthermore, the excessive utilization of these
fossil fuels leads to significant emissions of pollutants and
greenhouse gases, resulting in a range of environmental and
societal issues.6−9 These energy shortages and environmental
problems pose significant obstacles to sustainable development
of humanity. Therefore, there is an urgent need to develop
low-cost, accessible, and environmentally friendly energy
sources to reduce our excessive dependence on fossil fuels.
Hydrogen, often referred to as ‘the cleanest energy in the
world’, is gaining recognition due to its high combustion
calorific value and zero-carbon emission. Currently, hydrogen
is primarily used in petrochemical industry, ammonia
production, metal smelting, and fuel desulfurization.10−15

However, its application will extend to transportation, aviation,
electronic industry, maritime operation, and food industry in
the future. According to the Hydrogen Council, hydrogen
production capacity is projected to exceed 10 million tons by

2030, with the demand for clean hydrogen reaching 75 million
tons.16−20 This emphasizes the need to develop e%cient
methods for hydrogen production, which will play a crucial
role in our future energy portfolio (Figure 1a). At present, the
prevailing methods of hydrogen production include steam-
methane reforming, coal gasification, and water electroly-
sis.21−25 Traditional strategies that rely on fossil fuels like coal
and natural gas as raw materials are unsustainable and
unsuitable for large-scale, centralized hydrogen generation
from an environmental standpoint. In contrast, electrochemical
water splitting, powered by renewable energy sources such as
wind, solar, and tidal energy, o�ers a renewable solution with
high-purity hydrogen as the product. As a result, it is widely
regarded as the most promising environmentally friendly
technology for future hydrogen supply (Figure 1a).26−30

Electrochemical water splitting involves two fundamental
reactions: the hydrogen evolution reaction (HER) at the
cathode and the oxygen evolution reaction (OER) at the
anode. These reactions can occur in acidic, alkaline, or neutral
electrolytes under ambient or high-temperature conditions.
There are primarily three typical technologies for water
splitting: alkaline water electrolysis (AWE), which was first
introduced by Troostwijk and Diemann in 1789,31 acidic
proton exchange membrane water electrolysis (PEMWE),
which utilizes solid polysulfonated membranes like Nafion, and
solid oxide electrolysis (SOE). Currently, AWE is extensively
implemented worldwide due to its low cost. It utilizes a 20−30
wt % KOH or NaOH solution as the electrolyte, Ni-based
catalysts as the working electrodes, and asbestos as the
diaphragm or separator.32−34 When su%cient direct-current
power is applied, water molecules (H2O) are dissociated into
H+ and OH− ions. H+ ions gain electrons from the external
circuit at the cathode to form H2, while OH

− ions migrate
across the diaphragm to the anode driven by the electric force
and release electrons to generate O2. However, AWE faces
challenges such as the long distance between the cathode and
the anode, high resistance for ion migration across the asbestos
diaphragm, and modest electrocatalytic activities of Ni-based
materials. These factors require additional voltage input,
resulting in low energy conversion e%ciency. Moreover,
since the asbestos diaphragm cannot completely prevent gas
crossover, electrolysis plant balancing becomes necessary, and
both the current density (below 400 mA cm−2) and hydrogen
purity are not su%ciently high.33 These issues can be partially
addressed with the development of anion exchange mem-
branes.
In comparison, PEMWE, first conceptualized by Grubb in

1966, overcomes many drawbacks of AWE. PEMWE benefits
from high proton conductivity, low gas permeability, and thin
thickness of the PEM,31 o�ering advantages such as compact
design, high current density (above 2000 mA cm−2), high
e%ciency, fast response, small footprint, and high purity of
hydrogen. In contrast to AWE, the catalysts-coated membrane
electrodes in PEMWE are separated only by a PEM, and
electrolyte is deionized water. In PEMWE, water molecules are
oxidized at the anode to generate oxygen (O2) and H

+ ions,
and the resulting H+ pass through the PEM to the cathode,
acquiring electrons from the external circuit to form hydrogen
(H2).

12,35−42 The acidic environment necessitates high-cost,
corrosion-resistant and active electrocatalysts.43 The state-of-
the-art electrocatalysts for PEMWE are based on noble metals
such as Pt for cathodic HER and IrOx/RuOx for anodic OER,
leading to excessive electrolyzer costs and limited large-scale
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applications. Di�erent from AEM and PEMWE, which operate
at low temperatures (20−80 °C) with liquid electrolytes, SOE,
first introduced by Donitz and Erdle in the 1980s, is an all-
solid-state electrolytic cell that works at high temperatures
(500−850 °C). It consists of a ceramic proton-conducting
membrane, an anode (such as lanthanum manganate,
lanthanum cobaltate, and their composites), and a cathode
(metal, cermet, or mixed solid oxide).31,44−46 During water
electrolysis in SOE, water molecules are initially dissociated
into H2 and O2− at the cathode. The O2− ions are then
transported to the anode through oxygen vacancies in the solid
oxide lattice, resulting in the generation of oxygen (O2). SOE
can utilize industrial waste heat to improve energy conversion
e%ciency, and the ceramic membrane exhibits excellent
airtightness, allowing the production of high-purity hydrogen.
However, SOE is still relatively immature due to significant
stability and degradation issues under harsh conditions, which
currently limit its large-scale commercialization.35,47,48 On the
other hand, both AEM and PEMWE, operating at ambient
conditions, o�er promising and flexible feasibility for water
splitting to produce hydrogen. Considering the sluggish
kinetics of both HER and OER, di�erent electrocatalysts at
both cathode and anode, such as Pt for HER and IrO2 for
OER, are conventionally utilized. However, their single
functionality necessitates di�erent precursors, equipment,

and/or procedures for separate synthesis, electrode assembly,
and device fabrication, increasing the entire cost. Furthermore,
in view of the harsh conditions during water splitting
electrolysis (e.g., extreme pH, high potential, and long-term
service), the reconstruction of electrocatalysts (e.g., leaching)
is inevitable, which would result in severe cross-contamination
between the two electrodes with di�erent components. It is
expected that such a cross-contamination issue can be
alleviated if both HER and OER electrocatalysts are composed
of the same materials. Accordingly, it has become an appealing
strategy to develop highly active, stable, and cost-e�ective
bifunctional electrocatalysts to drive both HER and OER for
e%cient overall water splitting (OWS).
From an energy perspective, the energy barrier of anodic

OER, due to its multiple proton-coupled electron transfer
nature, is much higher than that of HER, which predominantly
determines the e%ciency of hydrogen production from water
splitting. Additionally, the generated O2 is a low-value
byproduct and may pose safety issues due to possible gas
crossover and PEM degradation by the formed reactive oxygen
species (ROS).49,50 In response, a strategy called hybrid water
splitting (HWS) has been proposed by us and other
researchers, aiming to replace OER with alternative oxidation
reactions that are thermodynamically more favorable and
economically more attractive.51−53 Currently, numerous

Figure 1. (a) Schematic diagram for green hydrogen cycling. (b) Element compositions of the involved bifunctional electrocatalysts highlighted by
colored characters. Alternative oxidation of various substrates including (c) sacrificing agents, (d) pollutants, and (e) the organics that can generate
value-added products in hybrid water splitting.
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oxidation reactions have been reported as alternatives to
OER.54−57 These alternative oxidation reactions can be divided
into three categories based on the functionalities of the
underlying substrates: sacrificing agents oxidation that
consume relatively valuable substrates, pollutants oxidative
degradation using environmental pollutants as oxidative
substrates, and organics oxidative upgrading that obtain
value-added products. All these oxidative reactions e�ectively
reduce energy consumption for hydrogen production.
In this Review, we provide a comprehensive overview of

recent advancements in overall and hybrid water splitting
driven by bifunctional electrocatalysts. We begin by introduc-
ing the fundamental aspects of HER and OER based on
microkinetics analysis and density functional theory (DFT)
calculations, and discuss the principles of OWS and HWS.
Next, we delve into the key reconstruction phenomenon of
bifunctional electrocatalysts during both reduction (HER) and
oxidation (e.g., OER and alternative oxidation reactions),
highlighting the relevant physicochemical characterization
techniques. Subsequently, we summarize the design and
synthesis of diverse bifunctional electrocatalysts for overall
water splitting in both acidic and alkaline solutions. These
bifunctional electrocatalysts are based on noble metals,
nonprecious metals, and metal-free nanocarbons (Figure 1b).
Additionally, we elaborate on their applications for hybrid
water splitting, where they e�ectively catalyze anodic reactions
such as sacrificing agents oxidation (Figure 1c), pollutants
oxidative degradation (Figure 1d), and organics oxidative
upgrading (Figure 1e). Finally, we provide a concise
conclusion and o�er insights into future challenges pertaining
to the development of advanced bifunctional electrocatalysts

for overall and hybrid water splitting. We aim to provide a
prognosis for the relevant research field.

2. FUNDAMENTALS OF WATER SPLITTING

2.1. Mechanism of HER

The hydrogen evolution reaction (HER) is a two-electron
transfer process that occurs at the electrode/electrolyte
interface of the cathode. The source of protons for HER
varies depending on the pH of the electrolyte (Figure 2a). H2

is generated through the reduction of H3O
+ in acidic media or

H2O in alkaline media, both involving multiple steps. In acidic
media, HER typically involves the following elementary
pathways: Volmer−Tafel or Volmer−Heyrovsky ́ steps. First,
an electron is transferred to the surface (∗) of the
electrocatalyst via an external circuit, where it combines with
a H3O

+ to produce adsorbed hydrogen atom (H*). This
process is known as the Volmer step or the discharge step.
Subsequently, H* captures an electron and another H3O

+ to
form a molecular H2, referred to as the Heyrovsky ́ step or
electrochemical desorption step. Alternatively, two adjacent
H* can combine to yield H2, known as the Tafel step or
chemical desorption step:

+ + * * +
+Volmer step: H O e H H O3 2

+ + * +
+Heyrovsky step: H O e H H H O3 2 2

* + * + *Tafel step: H H H 22

Similarly, the HER in alkaline media also involves the
Volmer−Heyrovsky ́ or Volmer−Tafel steps, with the di�erence

Figure 2. (a) Mechanisms of HER in acidic and alkaline electrolytes. Reproduced with permission from ref 65. Copyright 2020 John Wiley and
Sons. (b) Free energy of hydrogen adsorption versus exchange current density. Circles represent experimental data, and the curve is a prediction by
microkinetic models based on DFT calculations wherein the dash line indicates the metals which bind H stronger than 0.2 eV/H usually form
oxides. (c−e) Scaling relation between reaction energy (ΔE) and activation barrier (Ea) for each elementary HER step. Reproduced with
permission from ref 66. Copyright 2019 John Wiley and Sons.
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being the source of H* obtained through the dissociation of
water molecules. Due to the absence of H+, an H2O accepts an
electron to form H* and OH− (Volmer step). Afterward, H*

combines with another water molecule and an electron to
produce H2. This process is referred to as the Heyrovsky ́ step
in alkaline solutions. On the other hand, the Tafel step remains
the same as in acidic electrolytes:

+ + * * +Volmer step: H O e H OH2

+ + * +Heyrovsky step: H O e H H OH2 2

* + * + *Tafel step: H H H 22

These elementary steps highlight the crucial roles of electron
transfer and hydrogen adsorption (H*) in HER, and it is
evident that breaking the H−OH bond to obtain H* in
alkaline solutions is more challenging than that in acidic media.
In other words, acidic electrolytes are commonly more
favorable for HER compared to alkaline electrolytes. To
further determine which pathway is the rate-determining step
(RDS) for HER over the underlying electrocatalyst, Tafel plot
is usually drawn and the apparent value of Tafel slope serves as
an indicator of RDS. Specifically, the values of approximately
118, 39, and 30 mV dec−1 imply the RDS role of the Volmer,
Heyrovsky,́ and Tafel steps, respectively.58−65

In view of the acidic HER pathways, H* on the surface of
the electrocatalyst plays a vital role. Several electrochemistry
pioneers experimentally found that the HER kinetics intensely
relies on the interaction between electrode materials (mainly
metals) and H*,66−69 and a volcanic curve regarding the
relationship between exchange current density and metal−
hydrogen binding strength has been established (Figure 2b).70

These findings indicate that an optimal H* sorption, that is
neither too strong nor too weak, benefits to rapid HER
kinetics, following to the Sabatier principle.71 This exper-
imental microkinetic analysis was subsequently confirmed by
the theoretic calculations.
With the development of computational techniques, density

functional theory (DFT) calculations have become a valuable
tool to help us understand the details of various electro-
chemical processes at the atomic level. DFT calculations can
provide computational energetics of elementary steps in a
specific electrocatalytic process from the aspects of both
thermodynamics and kinetics, allowing us to identify potential
active centers and RDS. In terms of HER in acidic electrolytes,
the Gibbs free energy of hydrogen adsorption (ΔGH*) is
widely recognized as a crucial parameter to determine the HER
activity of electrode materials. As shown in Figure 2b, the DFT
predictions (curve) matches well with the experimental results
for (111) single-crystal (open circles) and polycrystalline
surfaces (filled circles). Additionally, the DFT calculations also
exhibit scaling relations between the reaction energy (ΔE) and
activation barrier of hydrogen gas formation (Ea), with regards
to Volmer, Heyrovsky,́ and Tafel elementary steps for Pt with
di�erent facets and hydrogen coverage (Figure 2c−e). For
example, the weak hydrogen binding implies a high energy
barrier for hydrogen generation and vice versa. Therefore, the
most e�ective acidic HER electrocatalysts should bind with
hydrogen neither too strong nor too weak.72 As predicted, Pt is
among the best for HER which is positioned at the apex of the
volcano plot, in line with the experimental results. Although no
consensus has so far been achieved for alkaline HER, the
scaling relations are widely accepted and still e�ective.64 Based

on the above insights, the combination of theory and
experiment is crucial for the development of advanced
electrocatalysts and the in-depth study of electrocatalytic
mechanisms for HER.73

2.2. Mechanism of OER

Compared to cathodic HER, anodic OER is a complex four-
electron transfer process. In acidic electrolytes, H2O undergoes
oxidation to produce O2 and H

+, whereas in neutral or alkaline
electrolytes, OH− is oxidized to form H2O and O2. Nowadays,
various OER mechanisms over diverse electrocatalysts have
been proposed. Matsumoto and Sato summarized some of
these proposed OER pathways in 1986,74 which were also
included in recent Review articles (Table 1, Figure 3a−
d).37,75,76

As shown in Table 1, except for the Wade and Hackerman’s
path, the initial step for all the other proposed OER involves
the formation of HO*. Owing to the lack of free OH− in acidic
electrolytes, breaking the strong covalent HO−H bond in
water is necessitated to initiate the first step, leading to sluggish
reactive kinetics. In contrast, a large amount of free OH− in
alkaline conditions can be directly converted to HO* without
water dissociation, and thus, relatively fast kinetics can be
expected. Following the formation of HO*, subsequent
elementary steps vary, implying multiple OER mechanisms.74

Nonetheless, two categories of OER pathways are widely
discussed including adsorbate evolution mechanism (AEM,

Table 1. Proposed Reaction Mechanisms of OERa37,76

Acidic conditions Alkaline conditions

Electrochemical oxide path Electrochemical oxide path

* + H2O → HO* + H+ + e− * + OH− → HO* + e−

HO* → O* + H+ + e− HO* + OH− → O* + H2O + e−

2 O* → 2 * + O2 2 O* → 2 * + O2

Oxide path Oxide path

* + H2O → HO* + H+ + e− * + OH− → HO* + e−

2 HO* → O* + * + H2O 2 HO* → O* + * + H2O

2 O* → 2 * + O2 2 O* → 2 * + O2

Krasil’shchkov path Krasil’shchkov path

* + H2O → HO* + H+ + e− * + OH− → HO* + e−

HO* → O−* + H+ HO* + OH− → O−* + H2O

O−* → O* + e− O−* → O* + e−

2 O* → 2 * + O2 2 O* → 2 * + O2

Wade amd Hackerman’s path Yeager’s path

2 * + 2 H2O → O* + H2O* + 2 H+ +
2 e−

* + OH− → HO* + e−

O* + 2 HO−* → 2 * + H2O* + O2 +
2 e−

HOz* → HOz+1* + e−

2 HOz+1* + 2 OH− → 2 * + 2 H2O
+ O2

Electrochemical metal peroxide path Bockris path

* + H2O → HO* + H+ + e− * + OH− → HO* + e−

2 HO* → O* + * + H2O HO* + OH− → H2O2* + e−

O* + H2O → HOO* + H+ + e− H2O2* + OH− → HOO−* + H2O

2 HOO* → O* + * + H2O + O2 H2O2* + HOO
−* → H2O + OH− +

O2

DFT-predicted peroxide path

* + H2O → HO* + H+ + e−

HO* → O* + H+ + e−

O* + H2O → HOO* + H+ + e−

HOO* → * + O2 + H
+ + e−

a
* means an active site.
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Figure 3. (a) Schematic of AEM mechanism for OER. Reproduced with permission from ref 87. Copyright 2022 John Wiley and Sons. (b) Scaling
relation between the binding energies of HOO* and HO* on various TMOs. (c) OER volcano plot for various TMOs against the oxygen binding
strength (ΔGO*−ΔGHO*). Reproduced with permission from ref 88. Copyright 2021 Royal Society of Chemistry. (d) Schematic of LOM
mechanism for OER. Reproduced with permission from ref 87. Copyright 2022 John Wiley and Sons. (e) Schematic of cation/anion redox
chemistry guided by d−d Coulomb interaction (U) and charge transfer energy (Δ), which manifest conventional metal cation oxidation (left),
oxygen anion oxidation (middle) and direct oxygen anion release (right) for OER, respectively. Δ is the energy di�erence between bonding (M−

O) and antibonding (M−O)* bands, and U is the energy di�erence between UHB and LHB, respectively. The band position can be determined by
the related band center based on projected density of state (PDOS) diagrams, which are typically obtained by DFT calculations. (f,g) Relationship
between the OER mechanism (AEM or LOM) and electronic descriptors for Co-based oxide electrocatalysts. Reproduced with permission from ref
88. Copyright 2021 Royal Society of Chemistry.
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Figure 3a) and lattice oxygen-mediated mechanism (LOM,
Figure 3d).77,78

For AEM in acidic electrolytes:
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Although the oxygen formation steps are di�erent which can
be generated from either coupling of O* intermediates or
decomposition of HOO* derived from the reaction of O* with
H2O (in acidic media) or OH− (in alkaline media), these AEM
pathways typically involve three adsorbed intermediates on the
catalyst surface (HO*, O*, and HOO*), as shown in Figure
3a. It is worth noting that the thermodynamic barrier for direct
binding of two O* to produce oxygen is usually higher than
that of stepwise generation of oxygen by O*.79 The high
energy barrier typically necessitates large overpotentials, and
the corresponding elementary step is often regarded as the
RDS from the perspective of kinetics. Bockris demonstrated
that the observed Tafel slope in electrochemical measurements
is determined by the RDS within five OER paths.80 Therefore,
the Tafel slope can be served as a key indicator for determining
the RDS in OER process and elucidating the underlying
mechanism.81−84

Apart from the above-mentioned microkinetic analysis, DFT
calculations have been developed to study the OER
mechanisms. Rossmeisl and coworkers conducted a theoretical
description of the OER mechanism over (110) surfaces of
rutile-type metal oxides based on DFT, and the following four
electron−proton coupled pathways were employed as a model
for OER.85
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where ΔGi (i = 1, 2, 3, 4) is the Gibbs free energy change of
the corresponding elementary step, U is the electrode potential
relative to the standard hydrogen electrode (SHE), and kB is
the Boltzmann constant. The step with the largest value among
all ΔGi was defined as the potential-determining step for OER
(ΔGOER). The relationship between ΔGOER and the theoretical
overpotential (ηOER) under standard conditions at U = 0 V vs
SHE was given as

= [ ]G G G G e Emax , , , /1
0

2
0

3
0

4
0 0

It is expected that the ideal value of ΔGOER for each step is
1.23 eV, equivalent to the overpotential of zero (ηOER = 0).

82

In other words, the ideal OER electrocatalyst should have the
same adsorption energies for all four elementary steps (1.23 eV
at equilibrium conditions), while real electrocatalysts cannot
fulfill this requirement and the scaling relations exist, which
means that one ΔG changes, the others do too. An example is
the linear relationship between the binding energies of HO*

and HOO* on the surface of various oxides (e.g., rutile,
perovskite, and others) with a constant di�erence of
approximately 3.2 eV, as depicted in Figure 3b.86 Considering
the two-electron transfer between HO* and HOO* which
indicates an ideal ΔG of 2.46 eV (2 × 1.23 eV), the minimum
overpotential for OER can be calculated to be 0.37 V [(3.2−

2.46) eV/2e]. Additionally, this scaling relation allows us to
simplify DFT calculations, such that one parameter, the
di�erence between ΔGO* and ΔGHO* can be employed as a
universal descriptor to predict the OER activities of various
electrocatalysts, and thus, a volcano plot regarding ηOER as a
function of ΔGO*−ΔGHO* can be constructed (Figure 3c),
which provides valuable insights into the OER mechanism and
facilitates the screening of OER electrocatalysts. Collectively,
the ΔGOER analysis based on DFT calculations can a�ord
thermodynamic information on OER, complementary to the
Tafel slope investigation that provides kinetic information.
Despite significant achievements guided by the AEM, several

dilemmas still exist. For example, a plurality of reported OER
electrocatalysts exhibit much lower onset potential than the
AEM-predicted minimum (0.37 V).88−90 Moreover, several
experimental studies have revealed the dynamic surface
reconstruction instead of a static platform for some OER
electrocatalysts under high applied potentials. Alternatively, the
LOM with lattice oxygen participated redox chemistry has
been proposed to disentangle these mysteries.88−90 As depicted
in Figure 3d, three possible LOM pathways have been reported
for acidic OER, di�ering mainly in the binding between the
lattice oxygen and the intermediate species. Pathway 1 involves
a direct combination of O* bound to the metal site with lattice
oxygen to release O2, leaving an oxygen vacancy on the
electrocatalyst’s surface. In Pathway 2, HO* binds to the lattice
oxygen site rather than the metal site (M), generating HOO*

which subsequently dissociates to produce O2 as well as H
+.

Pathway 3 includes the combination of two lattice oxygen
atoms from Pathway 1 and Pathway 2 to generate O2, resulting
in the creation of two oxygen vacancies on the electrocatalyst’s
surface. All three LOM mechanisms for acidic OER include
lattice oxygen participation via the nonelectrochemical route,
and it is expected that activation of lattice oxygen would play a
dominant role in the OER activity of underlying electro-
catalysts following LOM pathway. Typically, for a transition
metal (oxy)(hydr)oxide electrocatalyst, the metal nd orbital
hybridizes with oxygen 2p to form bonding (M−O) and
antibonding (M−O)* bands, along with energy level splitting.
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Their energy di�erence represents the charge transfer energy
(Δ), which is determined by the electronegativity discrepancy
(Δχ) between metal and oxygen, and reflects the degree of
hybridization.88 The decreased value implies promoted
hybridization with enhanced M−O covalency and vice versa.
Moreover, the electrons localized in (M−O)* due to strong
d−d Coulomb interaction can repel with each other, and
further split (M−O)* to the empty upper Hubbard band
(UHB) and the electron-filled lower Hubbard band (LHB).
The energy di�erence between UHB and LHB is represented
by a letter of U. These physical parameters determine the
electronic structures of electrocatalysts and thus OER
mechanisms. For example, typical transition metal (oxy)-
(hydr)oxides exhibit large charge transfer energy and strong
ionic properties of the M−O bond due to the large
electronegativity of oxygen, wherein the M nd band locates
above the O 2p with positive energy di�erence (εM‑3d−εO‑2p >
0, left of Figure 3e). Cationic redox is now thermodynamically
more favorable and the metal site serves as an active center,
allowing water oxidation to follow the AEM mechanism. When
decreasing Δχ and enlarging U, the LHB can penetrate the O
2p band with negative energy di�erence (εM‑3d−εO‑2p < 0,
middle of Figure 3e), making intramolecular electron transfer
from oxygen ligand to metal cation feasible. Thus, the
introduced ligand holes can be yielded for lattice oxygen
activation. In this scenario, the M−O covalency and orbital
hybridization are enhanced, which facilitate the sorption of
OER-related species to decrease energy barrier and thus
improve the OER activity, even the lattice oxygen cannot be
directly released to form O2. Further modulating the O 2p
absolute energy level (εO‑2p) above Fermi level (EF) ensures
the release of O2 from the lattice matrix (Figure 3e, right).
Collectively, it can be concluded that both the energy
di�erence between M nd and O 2p orbitals (εM‑3d−εO‑2p)
and the absolute energy level of εO‑2p significantly influence the
OER mechanism.88 As illustrated in Figure 3f and g, the
computational results demonstrate that the perovskite and
spinel electrocatalysts following the LOM mechanism generally
exhibit relatively negative εM‑3d−εO‑2p values and high εO‑2p

values.

2.3. Overall Water Splitting

As previously discussed, overall water splitting (OWS) involves
two half-reactions: the cathodic HER and the anodic OER.
Irrespective of the specific pathways involved in both half-
reactions, the thermodynamic voltage for the overall process is
1.23 V at standard conditions.91

+ =Overall reaction: H O H
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2
O (E 1.23 V)2 2 2
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+
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+ +
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However, driving the practical OWS always requires a
voltage higher than the thermodynamic value. This additional

voltage, known as the overpotential (η), is necessary to
overcome inherent energy barriers at both the cathode (ηHER)
and the anode (ηOER), as well as other resistances (ηother) such
as solution and contact resistances. Consequently, the actual
voltage required for OWS is given by92

= + + +E 1.23 V
HER OER other

Clearly, minimizing the applied voltage for OWS is crucial
for e%cient hydrogen generation. In addition to optimizing the
cell configuration to reduce ηother, the use of e%cient
electrocatalysts for HER and OER is essential in reducing
ηHER and ηOER, respectively. Therefore, the development of
highly active and cost-e�ective electrocatalysts is highly
desirable to make water splitting economically viable.
Currently, Pt-based materials are widely used for HER, while
Ru/Ir-based oxides are commonly employed for OER.
However, it is important to note that these benchmark
electrocatalysts typically exhibit high activity in either HER or
OER, but not both simultaneously. Therefore, there is a need
to develop e%cient bifunctional electrocatalysts that o�er high
activity in both reactions while maintaining a�ordability. This
approach would simplify the system and contribute to overall
cost reduction.92−96

2.4. Hybrid Water Splitting

To address the challenges associated with OER in traditional
water electrolysis, a new approach called hybrid water splitting
(HWS) has emerged, which replaces OER with thermody-
namically favorable oxidation reactions. HWS o�ers significant
advantages over traditional water electrolysis. First, by
replacing OER with these alternative oxidation reactions, the
energy input is reduced. Second, the safety issues regarding
H2/O2 mixing and reactive oxygen species (ROS) formation
can be eliminated. Finally, by selecting suitable raw materials, it
is possible to obtain value-added oxidative chemicals, max-
imizing the return on energy investment. Various alternative
substrates have been explored in the context of hybrid water
splitting, including alcohols,97,98 aldehydes,51,99 ammo-
nia,100,101 urea,102,103 hydrazine,104,105 sulfur compounds,
organic dyes, biomass,99 plastic wastes, and so on. These
substrates can be classified into di�erent types based on their
functionalities in HWS, including sacrificing agents (Figure
1c), environmental pollutants (Figure 1d), and organics that
can yield value-add oxidative products (Figure 1e), and the
corresponding oxidation reactions are denoted as sacrificing
agents oxidation, pollutants oxidative degradation, and
organics oxidative upgrading.
The sacrificing reagents oxidation involves the oxidation of a

valuable substrate to a less valuable product at the anode. In
this case, the anode substrate is considered a sacrificing agent.
Examples of such reactions include hydrazine oxidation104,105

and ammonia oxidation,100,101 where hydrazine and ammonia
serve as hydrogen carriers in hydrogen storage systems and
their oxidations produce low-value nitrogen (e.g., N2).
Although this type includes substrate downgrading which
increases overall costs, the energy consumption for HWS
toward H2 can be significantly reduced due to the ultralow
thermodynamically potentials relative to that of OER. In
addition, the safety issues can be partly alleviated:

+ = +

+ =

hydrazine oxidation: N H 4OH N 4H O

4e (E 0.33 V)

2 4 2 2
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+ = +

+ =

ammonia oxidation: 2NH 6OH N 6H O

6e (E 0.77 V)

3 2 2

0

By comparison, the pollutants oxidative degradation is more
economical and environmentally friendly. The substrates at the
anode for HWS are environmental pollutants and their
electrochemical oxidation means oxidative degradation toward
harmless products, like the waste treatment process. Typical
reactions within this category include the oxidative degradation
of organic dyes (e.g., methylene blue) in wastewater,106

exhaust gas (e.g., H2S) treatment,
107−109 and so on. These

reactions are closely linked to our daily lives and industrial
production so that coupling them with HER for hydrogen
generation would gain both economic and ecological benefits:

= +

=

hydrogen sulfide oxidation: S S 2e

(E 0.48 V)

2

0

To maximize the return on energy investment in HWS, it is
desirable to produce value-added products at the anode with
applied potentials lower than that for OER. Therefore, organics
oxidative upgrading has been proposed.51,53,99,110 HWS based
on this type involves the oxidation of a substrate at the anode
to generate value-added products while generating hydrogen in
an energy-saving manner. Typical reactions within this
category include the upgrading of biomass derivatives like 5-
hydroxymethyl furfural (HMF),99,111 dehydrogenation of
organics,112,113 valorization of bio/plastics-waste, etc. We
note that electrooxidation can be performed at ambient
conditions (e.g., room temperature and atmospheric pressure)
without additional chemical oxidant, o�ering several advan-
tages over conventional industrial methods for oxidation
upgrading. From an economic standpoint, the organics
oxidative upgrading yields value-added products while

requiring less energy input, making it highly promising
among the three classes of alternative oxidation reactions:

+ = + + =HMF 6OH FDCA 4H O 6e (E 0.53 V)2
0

+ = + +

=

CH OH 5OH HCOO 4H O 4e

(E 0.103 V)

3 2

0

Benefiting from the advantages mentioned above, hybrid
water splitting is currently garnering significant attention, and a
wide range of bifunctional electrocatalysts have been employed
to drive both HER and anodic alternative oxidation reactions
as well.51,53,99,114,115

3. ELECTROCHEMICAL RECONSTRUCTION AND
CHARACTERIZATIONS

The electrochemical reconstruction refers to changes of
physicochemical properties (e.g., structure, composition,
crystalline phase, interface, valence, etc.) of the electrocatalysts
during electrocatalytic processes, which strongly correlate to
their activity and stability, providing a new tool to design novel
and high-performance electrocatalysts.116−122 Thanks to the
rapid development of various physiochemical characterization
techniques, the electrochemical reconstruction process has
been observed in many electrocatalysts during water splitting
and alternative oxidations (Table 2),123−125 which results in
dramatically changed surface/interface properties and thus
electrocatalytic performance.126−132 Researchers have found
that both HER and OER electrocatalysts undergo partial self-
reduction/oxidation, components leaching/readsorption, ions
doping, phase separation/transition, or even structure collapse
under operating conditions.133−135 The reconstruction rate
and degree depend on both the intrinsic properties of pristine
electrocatalysts (e.g., compositions, microstructures, valence

Table 2. Examples of Reconstructed Electrocatalysts and the Newly Formed Active Species as Well as Associated
Characterization Techniques

Electrocatalysts Electrolytes Active species Characterization techniques Ref

NiFe LDH 1.0 M KOH + 0.5 M NaCl NiFe (oxy)hydroxide (OER) ex situ TEM/XAS 139

Ni3Fe alloy (HER)

NiMoOS 1.0 M KOH NiOOH (OER) ex situ TEM/XPS, in situ Raman 142

Ni (HER)

pyrite-type NiS2 1.0 M KOH Ni3S2 (HER) ex situ TEM/XRD, in situ Raman, operando XAS 143

Cu-FeOOH/Fe3O4 1.0 M KOH defective FeOOH (HER) ex situ XRD/Raman/TEM/XPS/XAS 145

Co@CoFe-P 1.0 M KOH P−Co−O−Co/Fe−P (HER) operando XAS/Raman 147

CoIV−O−FeIV (OER)

CoF2 1.0 M KOH defective β-Co(OH)2 (HER) ex situ XRD/XPS, in situ Raman, 148

VO-Co3O4 1.0 M NaOH (Co(II)Ox(OH)y) (OER) ex situ XPS, in situ XRD, operando Raman/TEM 150

(NiCo)S1.33 1.0 M KOH NiCo-O/OH (OER) in situ TEM/EELS/FT-IR/DEMS 151

NiSx/β-Ni(OH)2 1.0 M KOH + 50 mM HMF Ni2+δ (HMFOR) in situ Raman 152

LaNiO3 1.0 M KOH NiOOH (OER) ex situ XPS, in situ Raman 153

LiFe1−xCox(H2O)2[BP2O2]·H2O 1.0 M KOH Fe(4+)+ (OER) ex situ TEM/XPS, Quasi-in situ XAS 154

CrMnFeCoNiZrNbMo HEAs 0.5 M H2SO4 Mn, Fe (HER) quasi-in situ XPS 155

oxidized Fe/Co/Ni (OER)

Cu2S/CoFeCuOOH 1.0 M KOH CoFeCuOOH (OER) in situ Raman, operando UV−vis 156

CoFe2S4 1.0 M KOH Co(Fe)OxHy (OER) ex situ TEM/EELS/XRD/XAS 157

VCo-Co3O4 1.0 M KOH bridge Co sites (OER) ex situ TEM/XRD/SEM/XAS, in situ Raman 158

Ni3S2 0.1 M KOH Ni(O)xSy (OER) ex situ TEM/SEM/TOF-SIMS/AES/XAS/XPS 159

NiOOH 1.0 M KOH + 10 μM Fe3+ Fe-NiOOH (OER) ex situ XFM/XAS 160

MnOx 0.1 M borate bu�er birnessite (OER) in situ RIXS/soft XAS 161

CaMnO3 0.1 M PBS MnV species (OER) SI-SECM 162

β-Co(OH)2 0.1 M KOH Co3+ (β-CoOOH) (OER) SECCM, EC-AFM, operando STXM-XAS/UV−vis 163
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states, defects level, etc.) and the actual reaction environments
like applied potentials, pH, electrolytes, in situ-formed species,
and so on.133 Generally, appropriate reconstruction generates
amorphous/low-crystalline, defects-rich active species and thus
benefits to improved electrocatalytic activity.133−135 Mean-
while, electrochemical reconstruction may bring some adverse
e�ects. For example, low-crystallinity means relatively
mediocre conductivity and abundant defects signify poor
structural stability, which even lead to structure collapse.136,137

In addition, the detached species during reconstruction may
block the diaphragm and thus increase the internal resistance
of the electrolyzer. It is therefore critical to monitor the
electrochemical reconstruction process to unravel the activity
origin and enrich the toolbox for electrocatalysts design toward
e%cient overall and hybrid water splitting.133−163

3.1. Reconstruction Phenomenon

As stated above, the electrochemical reconstruction of
electrocatalysts usually occurs during electrocatalytic processes
including both reduction (e.g., HER) and oxidation (e.g.,
OER), accompanied by their dynamic changes of structure,
composition, crystalline phase, interface, valence, and so
on.138−149 For instance, Zhang’s group discovered that the
Mo in Ni4Mo electrocatalysts can be oxidized to soluble
MoO4

2− and then readsorbed on Ni4Mo surface during HER
in 1.0 M KOH, beneficial for improved activity and
durability.138 Xie and colleagues reported that phosphorus
(P) doping can trigger the structural transition of cubic CoSe2
to the corresponding orthorhombic phase with poor stability
for alkaline HER.164 More recently, Zhang and coworkers
observed phase and valence state evolution of pyrite-type NiS2
for HER in 1.0 M KOH, assisted by multiple ex situ/operando
characterization techniques (Figure 4a).143 The dynamic
reconstruction of NiS2 was triggered by surface sulfur vacancy
and propagated from surface to bulk with terminated Ni3S2
during long-term HER service. Apart from NiS2, such a
reduction (HER) reconstruction can be extendable to α-NiS,
β-NiS, and Ni3S4, and can be accelerated by appropriate Fe
doping. With the help of DFT calculations, the authors found
that Fe substitution in NiS2 raises S 3p band to Fermi level
(EF) for favorable formation of sulfur vacancies, and
simultaneously expands the Ni 3d band to increase its overlap
with S 3p band for facilitated sulfur release, collectively
accountable for the reconstruction to Ni3S2.

In contrast, electrochemical oxidative (e.g., OER) recon-
struction is even more common due to the harsh positive
potentials and has received much more attention. In general,
anodic polarization drives initial surface reconstruction of OER
electrocatalysts (e.g., oxidation, phase/valence state transition,
defect/vacancy level etc.), and local environments (e.g., pH,
electrolyte, and temperature) can tune the reconstruction
behavior as well.154,165−175 Depending on these external
factors, electrochemical oxidative reconstruction of an OER
electrocatalyst can propagate to bulk from surface, especially
under higher oxidative potential and harsher surroundings. The
intrinsic properties of the electrocatalysts, of course, a�ect the
reconstruction rate and degree as well.150,176−183 For example,
Lim and coworkers have achieved in situ reconstruction of
layered LiCoO2−xClx (x = 0, 0.1, and 0.2) by leaching of
lithium ions, and they found that chlorine (Cl) doping lowers
the triggered potential of cobalt oxidation and lithium leaching
to facilitate the surface reconstruction to a self-terminated
amorphous (oxy)hydroxide phase during OER (Figure 4b), in
sharp contrast to the chlorine-free LiCoO2 counterpart with
higher triggered potential and reconstruction phase of spinel-
type Li1±xCo2O4.

184 Diverse physiochemical characterizations
together with DFT calculations unveiled that introducing
chlorine into LiCoO2 makes the delithiation process from
energetically unfavorable to favorable and thus prefers the
formation of thermodynamically stable (oxy)hydroxide struc-
ture. Similarly, under OER oxidation potential, perovskites and
spinel structures also undergo metal ion dissolution and lattice
oxygen oxidation, restructuring to new phases.133,185−194

Recently, Xu and coworkers observed that biased metal−
oxygen covalency between MO4 (tetrahedral units, MT−O)
and MO6 (octahedral units, MO−O) controls the reconstruc-
tion direction and degree of spinel LixCo1−xCo2O4. Specifically,
a stronger MO−O covalency relative to MT−O covalency
benefits a more thorough reconstruction toward oxyhydr-
oxides.135

Compared to transition metal oxides, metal nonoxides (e.g.,
chalcogenides, pnictides, carbides, etc.) possess more positive
enthalpy values.175,195 Therefore, their surface reconstruction
toward (oxy)(hydr)oxide during electrocatalytic OER or
alternative oxidation is more thermodynamically favor-
able.196−203 Our group previously uncovered that both Ni2P
and Ni3S2 experience surface oxidative reconstruction to
oxidized Ni species during OER and biomass oxidation.51,99

Figure 4. Schematic of the in situ electrochemical reconstruction of (a) multivalent nickel sulfide during HER and (b) LiCoO2−xClx during OER.
(a) Reproduced with permission from ref 143. Copyright 2022 Royal Society of Chemistry. (b) Reproduced from ref 184. Copyright 2021 Springer
Nature.
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Interestingly, the electrochemical reconstruction is sometimes
reversible. For example, Strasser and coworkers reported that
the near-surface crystalline Co3O4 could be transformed into
amorphous CoOx(OH)y during OER process and the
reconstructed components can be recrystallized back to stable
crystalline state under rest conditions with applied potentials at
non-OER region.204 Lately, Wei and colleagues discovered
potential-driven dynamic-coupling of oxygen on atomically
dispersed heteronitrogen-configured Ir sites (AD-HN-Ir)
during OER, wherein one oxygen atom can adsorb on Ir site
to form a stable and highly active O-hetero-Ir-N4 structure for
OER, and this dynamically coupled oxygen would disappear
after OER.205

In a word, electrochemical reconstruction is ubiquitous
under either reduction (e.g., HER) or oxidation (e.g., OER and
alternative oxidations) conditions, which would significantly
modulate the electrocatalytic activity and stability of the
underlying electrocatalysts toward overall and hybrid water
splitting.133,143,206−220 Consequently, exploring e�ective char-
acterization techniques to monitor the dynamic reconstruction

is of importance for understanding the structure−activity
correlations and developing advanced electrocatalysts toward
energy-e%cient hydrogen generation from water.

3.2. Electrochemical Characterizations

3.2.1. Cyclic Voltammetry. The electrochemical recon-
struction could tune local electronic structure of active centers,
such as valence states, coordination environments, intermedi-
ates adsorption, and thus electrocatalytic activity, which can be
reflected by electrochemical characterizations. Cyclic voltam-
metry (CV) is conducted by linear and cyclic scanning of
potentials with a certain range, and the change caused by
reconstruction could be signified by the recorded current
responses or the shape of CV curves.153,221,222 Zhang and
coworkers revealed the atomic-scale evolution of NiS2, α-NiS,
β-NiS, and Ni3S4 during HER in 1.0 M KOH via CV and other
operando characterization techniques.143 Along with cyclic
potential scanning, the reduction peaks for the three nickel
sulfides gradually disappeared, indicative of their reduction
reconstruction. Further, the more positive reduction potential
of β-NiS relative to α-NiS and Ni3S4 implied the lower energy

Figure 5. (a) CV curves of fresh h-NiSx in 1.0 M KOH with cyclic potential scanning. (b) CV curves of h-NiSx at di�erent scan rates under non-
Faradaic potential regions. (c) Scan rates dependence of current densities for h-NiSx at 1.05 V vs RHE before and after 14 CV cycles. Reproduced
with permission from ref 223. Copyright 2016 John Wiley and Sons. (d) CP curves of Ni2P/Ni/NF at a current density of 10 mA cm

−2 in 1.0 M
KOH. Reproduced with permission from ref 227. Copyright 2016 American Chemical Society. (e) Operando EIS spectra for VO-Co3O4 at
potentials from OCP to 1.80 V vs RHE and (f) Bode phase plots of pure Co3O4 and VO-Co3O4 at 1.50 V vs RHE in 1.0 M KOH. Reproduced with
permission from ref 228. Copyright 2020 American Chemical Society. (g) CV curve of Pt at 50 mV s−1 in N2-saturated 0.1 M HClO4. Reproduced
with permission from ref 229. Copyright 2012 American Chemical Society. (h) Cu UPD in 0.1 M H2SO4 with and without 0.5 mM CuSO4 on Pt.
Reproduced with permission from ref 230. Copyright 2002 American Chemical Society. (i) CO stripping of Pt/Vulcan at 20 mV s−1 in Ar-saturated
0.5 M H2SO4. Reproduced with permission from ref 231. Copyright 1998 IOP Publishing.
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barrier to trigger this reconstruction. Besides, electrochemical
oxidation (e.g., OER) reconstruction has also been reported
via CV characterizations. As shown in Figure 5a, our group
used CV tests to monitor the surface reconstruction of 3D
hierarchically porous nickel sulfide superstructures (h-NiSx)
during OER.223 The gradual increase of current density and
dynamic redox peaks with ongoing 14 cycles of CV tests
implied oxidative transformation of Ni species from low to
high valence state in h-NiSx. Additional characterization
confirmed that the reconstructed h-NiSx feature conductive
NiSx in inner layer and high-valence nickel species in outer
layer. The same phenomenon was also observed by others, and
the accompanied variation of electrocatalytic activity can be
directly signified by linear sweep voltammetry (LSV)
curves.224,225 For instance, Xia and coworkers reported a
homogeneous multimetal-site oxyhydroxide electrocatalyst
derived from in situ electrochemically oxidative dealloying of
a multimetal-site alloy (FeNi3 and NiCu alloys). The anodic
polarization curves showed gradually increased current density
with increasing CV scans until to 3000 cycles, implying the
reconstruction formation of M−OOH structure.226

Moreover, CV conducted at various scan rates under non-
Faradaic potential regions can be used to obtain the
electrochemical double layer capacitance (Cdl) of the under-
lying electrocatalyst, which reflects its active surface area and
thus surface reconstruction. Our group measured the Cdl of h-
NiSx before and after 14 CV cycles by collecting CV curves in
the non-Faradaic potential regions (Figure 5b). Linear fitting
the scan rate dependence of the current density di�erence at
middle potential resulted in the Cdl (Figure 5c).223 The
changed Cdl of h-NiSx after CV cycling suggested the surface
reconstruction.
3.2.2. Chronopotentiometry. In addition, chronopoten-

tiometry (CP) could also be used to probe the electrochemical
reconstruction, in which the current of the electrocatalyst-
loaded working electrode is fixed and the recorded response is
time-dependent potential curve. Electrochemical reconstruc-
tion and activation of 3D hierarchically porous urchin-like
Ni2P microsphere superstructures on nickel foam (Ni2P/Ni/
NF) were observed by us via CP measurement at 10 mA cm−2

for 100 h (Figure 5d).227 During the initial 6 h, the gradual
increase of potential and smooth CP curve suggested that no
O2 bubbles evolve, and thus, the passed charges account for
the oxidation reconstruction of Ni2P/Ni/NF. Further prolong-
ing electrolysis time, the recorded potential remained relatively
stable and the squiggles of the enlarged CP curve implied
drastic formation and evolution of O2 bubbles. Similarly,
Subramanian and collaborators prepared a biphasic (spinel
Co3O4 and CoO) thin film on FTO surface (CoxOy/FTO)
through pulsed laser deposition.232 The decreasing over-
potential at a current density of 10 mA cm−2 over 16 h
suggested the presence of reconstruction and activation during
OER.
3.2.3. Electrochemical Impedance Spectroscopy. The

variation of crystalline phase and electronic structure of
underlying electrocatalysts during reconstruction would lead
to changed electron transfer, which can be characterized by
electrochemical impedance spectroscopy (EIS).228,233 For
instance, Wang and coworkers traced the evolution of
oxygenated intermediates around Co sites in oxygen vacancy-
rich Co3O4 (VO-Co3O4) during OER by operando EIS.228

Figure 5e showed the Nyquist plots of VO-Co3O4 at di�erent
potentials from open circuit potential (OCP) to 1.80 V vs

RHE in 1.0 M KOH, and the fitted equivalent circuit suggested
the presence of charge transfer resistance (RCT) and constant
phase element (CPECT), representative of OH− adsorption
resistance and pseudocapacitance, respectively. The smaller
RCT and larger CPECT for VO-Co3O4 relative to pure Co3O4

indicated the faster OH− adsorption kinetics and accumu-
lation, respectively. Both benefited surface reconstruction, as
verified by the Bode phase plots at 1.50 V vs RHE (Figure 5f).
As depicted Figure 5f, the phase peaks of i and ii in the
corresponding high- and middle-frequency regions indicated
the presence of surface oxidized species with the octahedral
Co−O6 and tetrahedral Co−O4 sites. Moreover, the phase
peak in low-frequency region (iii) suggested the faster
deprotonation of Co−OOH intermediates. Zhao and collab-
orators employed operando EIS to study the surface
reconstruction of V-doped Ni2P for OER under di�erent
potentials. As expected, increasing applied potentials from
1.367 to 1.617 V vs RHE resulted in decreased charge transfer
resistance due to faster OER kinetics, while the contact
resistance of V-doped Ni2P gradually increased along with
positive scanning of potential, indicating the formation of
metal oxyhydroxide with poor conductivity relative to metal
phosphide due to self-oxidation reconstruction during OER.233

3.2.4. Underpotential Deposition. The reconstruction of
an electrocatalyst would result in variations in electrochemi-
cally active surface area (ECSA); thus, the electrochemical
reconstruction could be indirectly reflected by the evolution of
ECSA.234 Both hydrogen or metal underpotential deposition
(UPD) are well-developed to measure the ECSA of metal-
based materials. The hydrogen underpotential deposition (H
UPD) relies on adsorption and desorption of H atom at a
metal surface. As shown in Figure 5g, employing Pt
polycrystalline as an example, the shaded regions between
0.05 and 0.4 V (vs RHE) represented the formation and
desorption of H monolayer at Pt surface during potential
scanning. Dividing the calculated average charges under shaded
regions by a specific charge value for the formation of
monolayer H atoms onto clean polycrystalline Pt (210 μC
cmPt

−2) yielded the ECSA of the underlying Pt catalyst.229

Similar to the H UPD, metal ions can be used as the probe of
UPD as well. During the metal-based UPD process, the
electrodeposition potential for the first monolayer is more
positive than that for subsequent layers due to the more
favorable interaction between depositing metal and substrate
than that between themselves.235 Using the UPD process of
Cu ions (Cu UPD) on Pt as an example, Pt was first covered
with a monolayer of Cu by electrodepositing at a specific
potential for a required time in a mixed solution of H2SO4 and
CuSO4. After that, the anodic scan was performed starting
from the deposition potential to the region where the
deposited Cu can be thoroughly stripped o�. Next, the
baseline was collected by conducting similar CV scanning in
H2SO4 solution without Cu ions. The charges of Cu stripping
calculated in the shaded regions divided by the specific charge
(420 μC cmCu

−2) gave the ECSA of Pt (Figure 5h).230 Both
the Cu UPD and the H UPD have been widely used to obtain
the ECSAs of Pt-group metal-based materials.236−238 However,
the surface of metal compounds like oxides possess limited
capability to specifically adsorb H or Cu species, and their
ECSA measurements based on traditional UPD are di%cult.
Therefore, some special UPD methods have been developed.
For example, Robinson’s group reported a two-step route to
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measure the ECSA of Co3O4 on the basis of sequential Ag
electrodeposition and Pb UPD.239

3.2.5. CO Stripping. In analogy to UPD employing
hydrogen or metal ions as the probe, the CO stripping utilizes
CO as the probe molecule to quantify the ECSA by calculating
the required charge to strip one monolayer CO from metal
surface.240−242 As shown in Figure 5i, the adsorption of CO
monolayer was realized by immersing the Pt/Vulcan electrode
into CO-saturated electrolyte with an applied potential of 0.1
V vs RHE for 3 min. Then Ar gas was purged into the
electrolyte to remove the dissolved CO. Subsequently, the
anodic scan was performed to strip the CO adsorbed on the
surface of the Pt. After deducting the background obtained by
similar CV scanning in Ar-saturated solution, the area for CO
stripping can be integrated and then converted to ECSA of the
underlying Pt by dividing a specific charge value of 420 μC
cmPt

−2.231,243 Similar with H UPD and metal-based UPD, CO
stripping is generally applied for Pt-group metal-based catalysts
which possess characteristic CO stripping peaks.

3.3. Optical Characterizations

Although the electrochemical characterizations can evidence
the occurrence of electrochemical reconstruction, they usually
provide ex situ and few information. The electrochemical
reconstruction of electrocatalysts generally results in the
formation of new chemical bonds, which can be detected by
in situ/operando optical characterization techniques such as
infrared spectroscopy, Raman spectroscopy, ultraviolet−visible
spectroscopy (UV−vis), etc.
3.3.1. Infrared Spectroscopy. Fourier-transform infrared

spectroscopy (FTIR) provides the energy level transition
information on vibration/rotation of molecules or chemical
bonds under infrared irradiation.244 If the newly formed
species during the reconstruction process are IR-active, the

overall dynamic process under electrocatalytic conditions can
be real-time monitored by the in situ/operando electro-
chemical FTIR techniques with internal or external reflection
configuration (Figure 6a).244 Yu and coworkers employed the
in situ electrochemical attenuated total reflection (ATR) FTIR
to probe the structural evolution of CoSx for OER (at a
constant current of 1 mA) with varying time (0−1000 s).245 As
shown in Figure 6b, the initially increased and then stabilized
bands located at 3350 and 1630 cm−1 were ascribed to the
stretching and bending vibration of hydrogen-bonded hydroxyl
group, respectively, implying the enhanced adsorption of H2O
over the electrocatalyst. The increased band at 892 cm−1 along
with prolonging time was originated from the bending
vibrations of hydroxyls, implying the formation of hydroxide
species on the surface of the electrocatalysts during OER. After
removing the bias for OER, the remaining bands at 3350, 1630,
and 892 cm−1 indicated the irreversible structural and
composition transformation of CoSx during OER. The further
in-depth studies indicated that the amorphous CoSx at the
surface is initially transformed to the Co(OH)2 intermediate,
and eventually converted to crystalline CoOOH, which served
as the real active sites for OER. Wu and coworkers used in situ
electrochemical ATR-FTIR to track the structure evolution of
the Pt3Cu alloy-supported Ru single atoms electrocatalyst
(Ru1−Pt3Cu) during acidic OER.

246 As shown in Figure 6c,
the gradually apparent and then disappeared peak at nearly
1212 cm−1 along with cyclic potential scanning (from 0.8 to
1.6 and then back to 0.8 V vs RHE) was ascribed to the
vibration of surface adsorbed superoxide, implying the AEM
mechanism instead of LOM over Ru1−Pt3Cu. However, even
potential was swept back to 0.8 V vs RHE, the newly formed
peaks at round 1630, 1420, and 1300 cm−1 were still visible,
implying the oxidative reconstruction of Ru1−Pt3Cu.

Figure 6. (a) Schematic of the in situ electrochemical ATR-FTIR setup. Reproduced with permission from ref 244. Copyright 2016, Elsevier. (b)
In situ ATR-FTIR spectra of CoSx at 1 mA in 1.0 M KOH for OER. Reproduced with permission from ref 245. Copyright 2019 American
Chemical Society. (c) In situ ATR-FTIR spectra of Ru1−Pt3Cu recorded during the multipotential steps. Reproduced from ref 246. Copyright 2019
Springer Nature. (d) In situ SR-FTIR measurements under various potentials for AD-HN-Ir electrocatalyst during the acidic OER. Reproduced
from ref 205 under the terms of the CC-BY 4.0 license. Copyright 2021 The Authors, published by Springer Nature. (e) Operando SR-FTIR
spectroscopy measurements for Ru−N−C during the acidic OER. Reproduced from ref 247 under the terms of the CC-BY 4.0 license. Copyright
2019 The Authors, published by Springer Nature.
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To improve signal-to-noise ratio and spatial resolution, the
high bright synchrotron-radiation-based FTIR (SR-FTIR)
method has been applied. Wei and coworkers reported the
direct observation of dynamic structural evolution of atomi-
cally dispersed heteronitrogen-configured Ir sites (AD-HN-Ir)
during acidic OER using potential-dependent in situ SR-FTIR,
as shown in Figure 6d.205 A new absorption band at 784 cm−1

for AD-HN-Ir electrocatalyst appeared at the potential of 1.25
V vs RHE, indicating the formation of Ir−O during the acidic
OER. This result suggested that the high-valence Ir site in AD-
HN-Ir could adsorb oxygen to form O-hetero-Ir−N4. Mean-
while, when the applied potential exceeded 1.35 V vs RHE, a
new band of the HOO* intermediate at 1055 cm−1 could be
observed. The vibration band intensity of the HOO*

intermediate increased more obviously for AD-HN-Ir than
Ir-NC with increasing applied potential, indicating that the O-
hetero-Ir-N4 moieties can accelerate the OER kinetics. The
dynamically coupled oxygen disappeared after OER, confirm-

ing the reversible process of oxygen coupling with the change
of applied potential. Analogy to the results of AD-HN-Ir
electrocatalyst, a similar dynamic coupling process was also
observed by Yao and coworkers in atomically dispersed Ru−N4

site anchored on nitrogen−carbon (Ru-NC) electrocatalysts
by operando SR-FTIR (Figure 6e).247 When the applied
potential exceeded 1.5 V vs RHE, a new absorption band
corresponding to single adsorbed oxygen at 764 cm−1

confirmed the formation of O−Ru−N4, which then dis-
appeared when sweeping the potential back to 1.2 V vs RHE.
3.3.2. Raman Spectroscopy. Complementary to FTIR,

Raman spectroscopy is also an optical technique, which detects
vibration/rotation of molecules (or functional groups) upon
inelastic scattering of monochromatic light (Raman e�ect).
This inelastic scattering involves the energy transfer between
the underlying molecules (or functional groups) and scattered
photons, exhibiting either positive or negative photon energy
shift (Raman shift). Investigation of these Raman shifts helps

Figure 7. (a) In situ Raman spectra of nickel sulfides at the potentials of 0.4 to −0.25 V vs RHE in 1.0 M KOH for NiS2, α-NiS, β-NiS, and Ni3S4.
(b) Reconstruction potential threshold range for the Ni1−xFexS2 (x ≈ 0−0.33) samples, and the corresponding onset potentials of HER were
plotted to show the dynamic correlation of structure−activity. Reproduced with permission from ref 143. Copyright 2022 Royal Society of
Chemistry. (c) Schematic of the in situ/operando electrochemical Raman spectroscopy cell. In-situ/operando Raman spectra of (d) CF−O and (e)
CF−FeSO. Reproduced from ref 254 under the terms of the CC-BY 4.0 license. Copyright 2022 The Authors, published by Springer Nature. (f) In
situ Raman spectra of Co3O4, Co3O4−VO, and Co3O4−VCo during OER under applied potentials from 0.9 to 1.55/1.60 V vs RHE with an increase
step of 0.05 V. (g) Optimized structures of defect-free Co3O4, Co3O4−VO, and Co3O4−VCo. (h) Schematic of adsorption and deprotonation on
(110) surface of Co3O4−VCo. Reproduced with permission from ref 158. Copyright 2023 American Chemical Society.
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to identify the fingerprints of surface species. The changes of
chemical bonds on the surface of electrocatalysts can be
reflected by in situ electrochemical Raman spectroscopy with
high sensitivity.152,248−253 For example, the dynamic recon-
struction of HER electrocatalysts including NiS2, α-NiS, β-NiS,
and Ni3S4 in alkaline electrolyte was investigated by Zhang and
coworkers via in situ Raman spectroscopy (Figure 7a,b).143 As
shown in Figure 7a, the Eg peak at 284.8 cm

−1 and Ag peak at
479.3 cm−1 of NiS2 were observable at the potential of 0.4 V vs
RHE. As the potential increased cathodically from 0.4 to −0.25
V vs RHE, these characteristic peaks of NiS2 gradually
weakened until they disappeared, along with the emergence
and growth of two A1 (187.6 and 324.6 cm−1) and four E
(202.1, 223.6, 303.6, and 350.3 cm−1) peaks for Ni3S2. This
was interpreted by the phase reconstruction of NiS2 during
HER with threshold potential between 0.1 and 0.05 V vs RHE.
The continuous redshift of Ag and Eg peaks of NiS2 with
applied potentials changed from 0.4 to 0.1 V vs RHE implied
the softening of S−S bonds due to the generation and
progressive accumulation of sulfur vacancies before alkaline
HER-induced reconstruction. Besides NiS2, other nickel
sulfides like α-NiS, β-NiS, and Ni3S4 exhibited similar phase
reconstruction to Ni3S2 during alkaline HER, with threshold
potentials of 0.1−0.05 V, 0.15−0.1 V, and 0.1−0.05 V vs RHE,
respectively, indicative of their di�erent reconstruction energy
barriers. Further studies indicated that moderate Fe doping (x
< 0.2) into NiS2 can decrease the reconstruction energy
barrier, as revealed by the positive shift of threshold potential
range (Figure 7b).
In addition, in situ/operando Raman spectroscopy was also

employed to study the OER-induced reconstruction. For
instance, Oh and coworkers tracked the electrochemical
reconstruction and identified the actual alkaline OER active

site of sulfur and iron treated cobalt foam (CF) electrode (CF-
FeS) by using in situ/operando Raman spectroscopy (Figure
7c−e).254 The CoO (Eg and F2g) in CF after OER (CF−O)
under OCP condition transformed into CoOOH (Eg) and
Co3O4 (A1g) in 1.0 M KOH solution. With the positive
increase of applied potential, the reduced intensity of CoOOH
and Co3O4 peaks, and the increased intensity of CoO2 peak
indicated the gradual oxidation of Co species from CoO,
Co3O4, CoOOH to CoO2 (Figure 7d). Di�erent from CF−O,
the peak of Co3O4 (A1g) for reconstructed CF−FeS (CF−

FeSO) disappeared under OCP and OER condition, and only
the CoOOH (Eg) peak was detected under the whole potential
range, demonstrating the presence and OER-active role of
stable Fe-CoOOH phase in CF-FeSO (Figure 7e). Actually,
the Co-based compounds, such as CoO, Co3O4, and
Co(OH)2, could undergo surface reconstruction during OER
process to form CoOxOHy. The reconstruction process and
final active species are highly dependent on the initial structure
of the original electrocatalyst. Zou and coworkers employed
Co3O4 with O vacancy (VO) and Co vacancy (VCo) to uncover
the e�ects of defects in the reconstruction process via in situ
Raman spectra (Figure 7f−h).158 As shown in Figure 7f and g,
for defect-free Co3O4, when the applied potential increased to
1.15 V vs RHE from OCP, a new peak at 290 cm−1

corresponding to Eg symmetrical vibration of amorphous
Co(OH)2 gradually emerged, representing the formation of
chemical bonds between adsorbed HO* and the near-surface
Co atoms in the edge-sharing octahedral [Co−(OH)6]. The Eg
peak gradually increased and subsequently disappeared with
the potential increasing from 1.15 to 1.60 V vs RHE with 0.05
V step due to the partial deprotonation of amorphous [Co−

(OH)6] and the formation of amorphous Co−O6−x(OH)x
under high overpotential. For Co3O4−VO, the Eg signal

Figure 8. (a) Operando UV−vis spectra of Cu2S/CoFe LDH from OCP to 1.6 V vs RHE with an increase step of 0.1 V. (b) UV−vis absorbance
variation relative to potential and related CV curves of Cu2S/CoFe LDH at 460 and 565 nm. Reproduced with permission from ref 156. Copyright
2023 John Wiley and Sons. (c) In situ UV−vis spectra of unsupported Ni(OOH) and Ni45Fe55(OOH) electrocatalysts at 1.5 V vs RHE in 0.1 M
KOH. (d) In situ UV−vis spectra monitored at Abs450 (λ450 nm) during potential cycling of Ni(OOH) and Ni45Fe55(OOH) electrocatalysts in 0.1
M KOH. Reproduced with permission from ref 256. Copyright 2017 American Chemical Society.
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appeared at relatively low potential (0.95 V vs RHE) and was
still discernible at 1.60 V vs RHE, indicating the thermody-
namic advantage for HO* adsorption and the high
deprotonation energy barrier of Co sites. Moreover, the Eg
signal of Co3O4−VCo appeared at a potential of 0.95 V vs RHE
and disappeared at a low potential of 1.50 V vs RHE,
suggesting the improved adsorption of HO* and the
accelerated deprotonation process. The peaks of A1g (696
cm−1) and F2g (196 cm−1) were assigned to trivalent
octahedral cobalt (CoO6, Cooct) and divalent tetrahedral
cobalt (CoO4, Cotet) of Co3O4, respectively. The results
suggested that Co3O4 undergoes a two-step reconstruction
during OER, from original structure to hydroxide and then to
oxyhydroxide (Figure 7h). The stronger HO* adsorption but
weaker deprotonation induced by O defects provided the
driving force for reconstruction, while Co defects favored
dehydrogenation and reduced the reconstruction rate. To
further improve the sensitivity, surface-enhanced Raman
spectroscopy (SERS) has been applied for the operando
characterizations of electrocatalysts. By employing operando
SERS, Hu and coworkers investigated the surface reconstruc-
tion of Co oxyhydroxide (CoOOH) during OER.255 They
found that under positive potentials above 1.35 V vs RHE, the

primary CoOOH and residual Co2+ species are restructured to
disordered CoO2.
3.3.3. Ultraviolet−Visible Spectroscopy. Ultraviolet−

visible spectroscopy (UV−vis) measures the absorbance of
light in the ultraviolet−visible spectral region by matter, which
causes the transitions between matter’s electronic energy levels
corresponding to the valence state changes. Hou and
coworkers tracked the variation of metal oxidation states
during reconstruction using operando UV−vis spectroscopy
(Figure 8a,b).156 The two peaks at 460 and 565 nm for Cu2S/
CoFe LDH were ascribed to the oxidation of Co2+ to Co3+ and
Co3+ to Co4+, respectively. The obvious increase of absorption
at about 490 nm for Cu2S/CoFe LDH appeared at 1.3 V vs
RHE, assignable to the accumulation of high valence Co
species. Both the UV−vis absorbance variation at 460 and 565
nm relative to potential and the corresponding CV curves
showed the redox-transitions of Cu2S/CoFe LDH (Figure 8b).
They also found that the oxidation of Co species in Cu2S/
CoFe LDH appears at relatively lower potentials than those in
CoFe LDH, indicating the easier oxidation of Co species in
Cu2S/CoFe LDH to high valent Co4+ during OER.
Analogous to the study, researchers also employed in situ

UV−vis spectroscopy to explore the e�ect of doping on
valence state during surface reconstruction. Strasser and

Figure 9. (a) Ex situ XRD patterns for fresh, post-HER, and post-OER Ni2P/Ni/NF electrocatalysts. Reproduced with permission from ref 227.
Copyright 2015 American Chemical Society. (b) Schematic of the in situ grazing-angle XRD apparatus. (c) Contour plots of in situ electrochemical
grazing-angle XRD signals of a Co3O4@CoO SC in 0.5 M KOH (pH = 13.6) and 0.5 M Na2SO4 (pH = 6.5), along with LSV curves. (d) Schematic
of the structures of β-CoOOH and α-CoOOH. Reproduced from ref 263 under the terms of the CC-BY 4.0 license. Copyright 2015 The Authors,
published by Springer Nature. (e) Structural coherence length of Co3O4 electrocatalyst films. Reproduced from ref 204 under the terms of the CC-
BY 4.0 license. Copyright 2015 The Authors, published by Springer Nature. (f) Operando XRD patterns of Ni(OH)2/NF. Reproduced from ref
264 under the terms of the CC-BY 4.0 license. Copyright 2018 The Authors, published by Springer Nature.
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collaborators tracked metal oxidation process in NiOOH and
unsupported Ni45Fe55OOH electrocatalysts using in situ UV−

vis spectroscopy.256 As shown in Figure 8c and d, applying
OER catalytic potential (1.5 V vs RHE in 0.1 M KOH)
induced the emergence of a broad spectral absorption band at
450 nm in NiOOH, indicating the Ni charge transfer process.
The presence of Fe in Ni45Fe55(OOH) suppressed this
potential-induced absorption of the Ni almost entirely, with
merely weak residual absorption. The extinction coe%cients of
NiOOH and Ni45Fe55(OOH) at 1.5 V vs RHE were calculated
to be 6500 and 200 L mol−1 cm−1, respectively. These reduced
absorption intensity after Fe incorporation confirmed the
suppressed charge transfer of Ni2+ to Ni3+/4+. Potential cycling
revealed that the absorption band (at 450 nm) rising of the
NiOOH locates after the onset of Ni2+/Ni3+ redox wave,
contrary to that for Ni45Fe55OOH (Figure 8d). The authors
concluded that Fe shifts the Ni oxidation closer to OER onset
potential. Recently, Hu and coworkers used operando UV−vis
spectroscopy to study Fe-induced changes in oxidation states
of Co in CoFe (oxy)hydroxides (CoFeOxHy) during OER.

257

The results showed that increasing Fe content leads to higher
oxidation state of Co4+, and phase separation to form inactive
FeOOH.

3.4. X-ray Characterizations

X-ray is an excellent probe to reveal the detailed structural
information on substrates due to its comparable wavelength
(10−8 cm) with the interatomic distances of materials. Over
one hundred years of development, X-ray characterizations,
such as X-ray di�raction (XRD), X-ray photoelectron spec-
troscopy (XPS), X-ray absorption spectroscopy (XAS), X-ray
emission spectroscopy (XES), and X-ray fluorescence spec-
troscopy (XRF), have been widely applied for revealing the
chemical composition, crystal structure, and electronic state of
materials. Meanwhile, the developed in situ/operando X-ray
characterizations techniques are e�ective to monitor the
dynamic reconstruction evolution of active sites during
electrocatalytic processes.
3.4.1. X-ray Di;raction. X-ray di�raction (XRD) utilizes

the constructive interference between monochromatic X-rays
and crystalline substances. By scanning the sample through 2θ

angles, all possible directions of di�ractions of the lattice can
be obtained. XRD is thus an excellent technique to reveal the
crystallographic information on materials, such as the cell
parameters, strain, and microstructure, and can be employed to
identify the crystalline phase evolution of the underlying
electrocatalysts before and after the electrocatalytic pro-
cesses.258−260 For instance, our group detected the recon-
struction of Ni2P/Ni/NF bifunctional electrocatalyst after
OER by ex situ XRD (Figure 9a).227 Additional peaks
assignable to NiO were observed for the post-OER sample,
suggesting the electrochemical oxidation of Ni2P/Ni/NF.
In contrast to the ex situ XRD which can only provide the

crystal structure transformation of the material in initial and
final states, in situ XRD could give the dynamic information
during the electrocatalytic process in real-time, especially for
the phase transformation and the structural evolution of
electrocatalysts.261,262 To obtain stable signal and monitor the
surface states of electrocatalysts in liquid environment, Chen
and coworkers customized a reaction cell and utilized the in
situ synchrotron radiation grazing-angle XRD to investigate the
structural evolution of Co3O4−CoO single-crystal cubes
(Co3O4@CoO SC) during OER process in 0.5 M KOH and

0.5 M Na2SO4 (Figure 9b,c).
263 Before OER, main reflections

corresponding to the fluorine-doped tin oxide (FTO) substrate
and the spinel-type Co3O4 phases could be observed, and no
CoO phase was detected due to its low content. At the onset of
OER, the emergence of β-CoOOH on the surface of electrode
in both alkaline and neutral condition confirmed that CoO
layer is transformed into more active phase (Figure 9d).
Further increasing the potential, a new phase, α-CoOOH, was
observed, demonstrating that OER is strongly correlative with
the formation of metal oxyhydroxide. In situ XRD character-
izations under potential cycling between 2.0 and 0.1 V vs RHE
showed that CoO layer could reversibly adapt to condition
change during OER, consequently protecting the underlay
electrocatalyst anodizing from applied potential.
Strasser and coworkers discovered the reversible amorphiza-

tion of crystalline Co3O4 during OER by conducting in situ
grazing-incident XRD.204 The reflections from substrate and
Co3O4 were only detectable crystalline phases during the entire
testing process, while the broadening of selected Co3O4

reflections showed that the mean structural coherence length
of the crystalline domains has changed (Figure 9e). The initial
irreversible growth of Co3O4 crystallites caused by the Ostwald
ripening and/or coalescence up to a potential of 1.2 V vs RHE
resulted in the increase of coherence length. The largest
structural coherence length was observed at the potential of
1.55 V vs RHE, just positive than that of Co redox features.
When increasing the applied potential to 1.62 V vs RHE, the
reversible structural transformation of crystalline Co3O4 to
amorphous CoOx shell resulted in the decrease of coherence
length. Since the amorphous CoOx shell could recrystallized to
Co3O4 after OER, coherence length recovered to the value at
1.2 V vs RHE. Similar phase transformation during OER
process was also observed in Ni-based electrocatalyst by Cheng
and colleagues through an operando XRD (Figure 9f).264 After
shortly aging in 1.0 M KOH, the initially amorphous Ni(OH)2
showed considerable crystallinity. When the applied potential
exceeded 1.03 V vs RHE, the Ni(OH)2 was mainly in γ-
NiOOH phase with a small portion of β-Ni(OH)2. Despite
these achievements, we note that the XRD is not an e�ective
technique for analyzing amorphous species during reconstruc-
tion of electrocatalysts.
3.4.2. X-ray Photoelectron Spectroscopy. X-ray photo-

electron spectroscopy (XPS) gives the information on core−
electron binding energy (BE) by measuring the kinetic energy
of the emitted electrons from a sample’s surface (typical
penetration depth of <10 nm) bombarded by X-rays. It also
provides insight into chemical shift since the BE depends not
only on the shell of the electron, but also on the bonding
environments. Thus, XPS can provide valuable surface
information, including the element composition and chemical
state.265 Our group found that the h-NiSx sample showed
almost identical XRD patterns before and after OER test.223

However, the high-resolution Ni 2P3/2 and S 2p XPS spectra of
post-OER h-NiSx showed decreased intensity of peaks
corresponding to Niδ+, S 2p3/2, and S 2p1/2, and increased
intensity of peaks assigned to oxidized nickel and sulfur
species. These results proved that the h-NiSx is partially
oxidized during OER. In addition, the ex situ XPS was also
used to investigate the reconstruction of amorphous Co−P
bifunctional electrocatalyst by us.266 The emergence of the
Co3O4 peaks and the disappearance of phosphide feature
confirmed the partial oxidation of the original cobalt in the

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00332
Chem. Rev. 2024, 124, 3694−3812

3710

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Co−P film to Co3O4 and cobalt phosphate during OER
(Figure 10a).
Compared to the ex situ XPS characterization, (quasi-) in

situ/operando XPS allows the direct probing of dynamic
change of surface state during reconstruction. Generally,
operation of XPS requires ultrahigh vacuum conditions to
avoid photoelectron scattering from gas molecules. Therefore,
quasi-in situ XPS is widely used, in which the specimens are
treated inside the in situ chamber and then instantly subjected
to XPS measurement.267 For example, Xi and coworkers
employed the quasi-operando XPS to investigate the role of
spatial architectures of CeO2-incorporation in reconstruction
of CoS1.97.

268 As shown in Figure 10b and c, when the sulfides
were immersed into 1.0 M KOH, the appearance of Co−O
bond indicated the preoxidation behaviors of sulfides. The
higher intensity of Co−O bond for CoS1.97−CeO2 (CoS1.97
decorated with CeO2, Figure 10c) relative to CeO2−CoS1.97
(CeO2 supported CoS1.97, Figure 10b) at OCP suggested the
spontaneous oxygen exchange and faster reconstruction of the
former due to stronger adsorption of OH− and higher oxygen
ion conductivity at surface. Obvious phase transition can be
observed as the potential increased. As expected, the transition
potentials of CeO2−CoS1.97 and CoS1.97-CeO2 to CoOOH
were di�erent and both were lower than that for CoS1.97,
indicating spatial architecture-dependent surface reconstruc-
tion of CoS1.97. For a multicomponent specimen, the quasi-in
situ XPS characterization could monitor the changes of all
involved elements, which is beneficial to identify their
individual role. By conducting quasi-in situ electrochemical
XPS (EC-XPS), Ito and coworkers investigated the surface
states and corrosion behaviors of high-entropy alloys (9eHEA:
Ti, Cr, Mn, Fe, Co, Ni, Zr, Nb, and Mo) during OER in acidic

electrolyte.155 As shown in Figure 10d−f, metallic Ti, Cr, Zr,
Nb, and Mo were partially oxidized to (hydr)oxides at OCP
and then further oxidized at 0.92 V vs RHE, while Mn, Fe, Co,
and Ni started to be partially oxidized to (hydr)oxides at 0.92
V vs RHE despite their partial dissolution at OCP. As the
potential further increased to 1.65 V vs RHE, Cr, Co, and Ni
showed potential-dependent oxidation, converting hydroxides
to oxides. All elements on the surface were completely oxidized
at the potential of 1.90 V vs RHE, and the OCP was negatively
shifted to 0.89 V vs RHE after OER, implying the irreversible
reconstruction. Therefore, the role of nine metals was divided
into three types: (i) passivation (Ti, Zr, Nb, and Mo), (ii)
redox activity (Co, Ni, and Cr), and (iii) unassigned function
(Mn and Fe).
One drawback of quasi-in situ/operando XPS is that the

information obtained under ultrahigh vacuum conditions
might not exactly correlate with the real surface states of the
electrocatalyst under operation conditions.267 The operando
ambient-pressure XPS (AP-XPS) can overcome this issue. For
instance, Sharp and coworkers investigated the structural
evolution of a Co3O4/Co(OH)2 biphasic electrocatalyst during
OER in 1.0 M KOH by operando AP-XPS (Figure 10g,h).269

The two highest BE components corresponded to oxygen in
gas-phase water (GPW) and liquid-phase water (LPW). The
results of spectral simulation and analysis confirmed that the
biphasic electrocatalyst was composed of an interfacial Co3O4

spinel layer and a Co(OH)2 outer layer, which was almost
stable under hydrated conditions. The electrocatalyst under-
went chemical−structural transformation as a function of the
applied potential, with complete conversion of the Co(OH)2
and partial conversion of the spinel Co3O4 phases to
CoO(OH) when the potential increased above 1.713 V vs

Figure 10. (a) Ex situ XPS spectra of P 2p and Co 2p for Co−P film. Reproduced with permission from ref 266. Copyright 2015 John Wiley and
Sons. Quasi-operando Co 2p XPS spectra for (b) CeO2−CoS1.97 and (c) CoS1.97-CeO2 at specific potential from 0.87 V (OCP) to 1.77 V vs RHE.
Reproduced with permission from ref 268. Copyright 2021 John Wiley and Sons. (d−f) EC-XPS spectra in the survey mode for 9eHEA at various
applied potentials. Reproduced with permission from ref 155. Copyright 2022 John Wiley and Sons. Operando APXPS spectra evolution of (g) O
1s and (h) Co 2p3/2 of the biphasic CoOx. Reproduced with permission from ref 269. Copyright 2017 American Chemical Society.
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RHE. Further increasing the potential up to OER catalytic
range, new spectral features in both Co 2p and O 1s core-level
regions emerged, corresponding to highly active Co4+ centers.
Even at OCP after OER, the newly formed CoO(OH) still
existed. These operando AP-XPS results confirmed that the
relative phase stability of Co3O4 enables a durable substrate/
catalyst interface, while the facile chemical transformation of
Co(OH)2 to CoO(OH) layered structure boosts high OER
activity.
3.4.3. X-ray Absorption Spectroscopy. X-ray absorption

spectroscopy (XAS), unlike XPS that deals with electrons
emitted from the sample upon radiation by X-rays, studies the
promotion of core electrons into higher energy unoccupied
states of materials struck by synchrotron radiation X-rays.270 It

measures the transmission of a monochromatic X-ray scanned
in small steps near the absorption edge of element of interest.
XAS spectrum includes two main regions, namely the X-ray
absorption near edge structure (XANES) and the extended X-
ray absorption fine structure (EXAFS). XANES spectrum
covers the X-ray energies nearest to the absorption edge and
the position of the sharp absorption edge within this region
gives insight into the local atomic information such as
coordination environment and oxidation state.271 EXAFS
spectrum covers the region of ∼30 eV after the absorption
edge to ∼1000 eV above the edge. The oscillatory features in
this region are ascribed to the interactions of waves by ejected
photoelectrons and neighbors of the absorbing atom, yielding
information on surrounding atoms including number, type, and

Figure 11. (a) Schematic of the in situ electrochemical flow cell-enabled operando XAS. Reproduced from ref 275. Copyright 2021 Springer
Nature. (b) Fitting and (c) 2D contour plot of operando Co K-edge FT-EXAFS spectra of Co@CoFe-P at di�erent applied potentials in 1.0 M
KOH for HER. Reproduced from ref 147. Copyright 2022 Royal Society of Chemistry. (d) Co K-edge XANES spectra at di�erent potentials for
fresh LiCoO1.8Cl0.2 and (e) the corresponding k

3-weighted FT-EXAFS spectra. Reproduced from ref 184. Copyright 2021 Springer Nature. (f) Ni
K-edge XANES spectra and (g) the corresponded k3-weighted FT-EXAFS signals recorded at di�erent potentials in 1.0 M KOH. (h) Comparison
of Ni K-edge WT-EXAFS recorded for the pristine sample, standard references, and catalytic materials at 1.1, 1.3, and 1.5 V vs RHE. Reproduced
from ref 276. Copyright 2020 Springer Nature.
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distance. XANES and EXAFS give complementary structural
information and are excellent tools to investigate the
reconstruction of electrocatalysts during operation pro-
cesses.272−274 A typical in situ liquid cell XAS setup was
schematically illustrated in Figure 11a.275 Patzke and cow-
orkers used operando XAS to track the dynamics of structural
reconstruction of Fe-doped cobalt phosphide nanoboxes
(Co@CoFe−P NBs) during HER.147 As demonstrated in
Figure 11b and c, the Co K-edge FT-EXAFS spectra (Figure
11b) and the corresponding 2D contour plots (Figure 11c) of
Co@CoFe−P NBs revealed a distinctive second shell
scattering at radial distance of 2.85 Å after immersing into
the electrolyte (1.0 M KOH), indicating the formation of P−

Co−O−Co/Fe−P. The intensity of this second shell scattering
gradually decreased during negative potential scanning and
increased after removal of the applied cathodic potential,
suggesting the structural flexibility of P−Co−O−Co/Fe−P in
Co@CoFe−P NBs during HER.
Furthermore, in situ/operando XAS was also employed to

study the reconstruction during OER. Lim and collaborators
explored the dynamic evolution of LiCoO1.8Cl0.2 during

OER.184 As shown in Figure 11d, the Co K-edge XANES
spectra of LiCoO1.8Cl0.2 showed a positive shifts during the
anodic polarization, implying elevated Co valence state. When
the OER polarization ceased, the Co K-edge of LiCoO1.8Cl0.2
did not revert to the lower-energy position. The corresponding
k3-weighted FT-EXAFS spectra (Figure 11e) of LiCoO1.8Cl0.2
showed increased Co−O coordination number, confirming the
elevated Co valence state during OER. The dynamic
reconstruction of single atom electrocatalysts like Ru−N−C
during OER was also investigated by Yao and collaborators
using operando XAS.247 Interestingly, Tang and coworkers
recently observed a two-phase structural transition of
Ni0.5Co0.5-MOF-74 nanocrystals at metal nodes with
Ni0.5Co0.5(OH)2 and Ni0.5Co0.5OOH0.75 during OER, by
operando XAS analysis (Figure 11f−h).276 In the resting
time from 1.1 to 1.2 V vs RHE (stage I), the increased
intensity of the main XANES absorption peak at 8350 eV
(Figure 11f) and the first two major peaks in FT-EXAFS
spectra (Figure 11g) were discerned due to the Ni−M
scattering and the formation of β-Ni(OH)2, as confirmed by
the corresponding wavelet transform (WT) analysis of EXAFS

Figure 12. (a) Experimental setup for wavelength-dispersive XES with an in situ electrochemical cell. (b) Schematic of the setup for simultaneous
detection of XES from two elements with the von Hamos spectrometer. (c) Comparison of the XES spectra of Mn oxide standards to the ORR
phase and the OER phase of MnNiOx. (d) Comparison of the XES spectra of Ni oxide standards to the ORR and OER phases of MnNiOx.
Reproduced with permission from ref 278. Copyright 2015 Royal Society of Chemistry. (e) Ni/(Ni+Fe) atomic ratio mapping images of pristine
mixed Ni−Fe hydroxide (MNF), MNF after 12 h of chronoamperometry (CA) measurement at 1.6 V vs RHE, MNF after 18 h of CA
measurement at 1.6 V vs RHE and MNF after 450 CV cycles in the range 1.2−1.8 V vs RHE. (f) Ni/(Ni+Fe) atomic ratio distribution of MNF
before and after electrochemical measurement. (g) Ni/(Ni+Fe) atomic ratio mapping images of pristine MNF, thin MNF after 3 h of CA
measurement at 1.6 V vs RHE, thin MNF after 6 h of CA measurement at 1.6 V vs RHE, thin MNF after 6 h of CA measurement at 1.6 V vs RHE
and then resting in the electrolytic solution for 4 h. (h) Mass loading evolution of Ni and Fe before, during and after the OER, calculated based on
XFM quantification. Reproduced from ref 280. Copyright 2020 Springer Nature. (i) Mapping image of the Ni/(Ni+Fe) atomic ratio of the pristine
Ni(OH)2, Ni(OH)2 after 2 CV cycles, and Ni(OH)2 after 50 CV cycles in 1.0 M KOH containing 10 μM Fe3+. (j) Mapping images of the Fe/(Ni
+Fe) atomic ratio of the pristine Ni(OH)2, Ni(OH)2 after 0.5 h CA measurement at 1.6 V, Ni(OH)2 after 6 h CA measurement at 1.6 V, Ni(OH)2
after 0.5 h CA measurement at 1.6 V and then another 0.5 h CA measurement at 1.3 V, and pristine Ni(OH)2 aging for 12 h in 1.0 M KOH
containing 10 μM Fe3+. Reproduced with permission from ref 160. Copyright 2021 American Chemical Society.
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(Figure 11h). Meanwhile, the multiple-scattering peak at 5.98
Å in FT-EXAFS spectra suggested a collinear Ni−M−M
arrangement, indicative of the formed denser packed [MOx]
polyhedral through edge-sharing in the resting state. Increasing
the potential to precatalytic state (state II, 1.2 to 1.35 V vs
RHE) and catalytic state (state III, 1.35 to 1.5 V vs RHE), the
blueshift of Ni K-edge XANES peaks suggested the oxidation
of Ni. Simultaneously, the appearance of four discrete
isosbestic points (black arrows) implied the successive self-
reconstruction process via a linear combination of two di�erent
Ni-based species, in consistent with the shorter radial distance
shown in FT-EXAFS spectra. Furthermore, the disappearance
of Ni−M scattering at 1.3 V vs RHE and its reemergence at 1.5
V vs RHE clearly demonstrated the formation of γ-NiOOH
analogue. The results confirmed that Ni0.5Co0.5-MOF-74
underwent a dynamic two-step reconstruction during OER,
from pristine structure to hydroxide analogue and then to
oxyhydroxide analogue. Interestingly, the self-healing phenom-
enon of Ni0.5Co0.5-MOF-74 can be observed after being placed
in air for 15 days, in which the Ni0.5Co0.5-MOF-74 gradually
reversed to the pristine structure.
3.4.4. X-ray Emission Spectroscopy. X-ray emission

spectroscopy (XES) serves as a complementary analytical
technique to XAS. By probing the decay process of electron
from excited states to core orbitals, the XES analyzes the
energy di�erence between electronic levels and provides
unique information about electronic structure such as
charge/spin state, ligand properties, and symmetry. Based on
the origin of transitions to the core K-shell, the emission lines
can be divided into K-, L-, and M-edge spectral signals. For
nonresonant XES, the incident X-ray excitation energy is
su%ciently far above the core ionization energy to excite the
core electron to the continuum.277 The probed X-ray contains
various X-ray emission lines, for example, Kβ1,3 and Kβ′

transitions correspond to 3p to 1s decays, and the peak
positions reflect the number of unpaired electrons through the
3p/3d exchange interaction. Yano and coworkers employed
the in situ electrochemical wavelength-dispersive XES to
identify the changes in structure and oxidation state of
MnNiOx during both oxygen reduction reaction (ORR) and
OER.278 As shown in Figure 12a and b, the angle between the
incident and emitted X-rays (scattering angle) was set to 90° to
minimize the contribution of the elastic scattering from the
sample. The Mn Kβ1,3 peak of MnNiOx at about 6491 eV can
be attributed to the emission process of Mn 3p to 1s transition
with constructive spin configuration. At the applied potential
of 1.8 V vs RHE, the overlapped Mn Kβ1,3 peaks of MnNiOx

and β-MnO2 suggested an oxidation state of +4 for Mn (Figure
12c). In contrast, at 0.6 V vs RHE, the Mn spectrum of
MnNiOx was similar to that of α-Mn2O3 with an oxidation
state of Mn between +3 and +4. Meanwhile, the Ni XES
spectra of MnNiOx also revealed a higher oxidation state of Ni
at 1.8 V vs RHE compared to that under 0.6 V vs RHE (Figure
12d).
Furthermore, tuning the excitation energy around a specific

narrow energy range or absorption edge gives rise to resonant
inelastic X-ray scattering (RIXS) and high-energy-resolution
fluorescence-detected XAS (HERFD-XAS).267 The corre-
sponding techniques are known as resonant XES.277 These
two methods a�ord high spectral resolution and detailed
element-specific electronic structure information, thus making
it possible to measure highly dilute specimens, which is
challenging for conventional XAS measurements.161,277,279

3.4.5. X-ray Fluorescence Spectroscopy. X-ray fluo-
rescence spectroscopy (XRF) is a nondestructive analytical
technique based on atomic emission. Namely, a primary X-ray
first irradiates on the sample and knocks out electrons from
inner orbitals within atoms to form holes. Then electrons from
outer orbitals fall into the holes to restore equilibrium and
meantime releasing excess energy in the form of fluorescent X-
rays (secondary X-rays). The discrete energies of the emitted
X-rays provide insightful information on transition between
electron orbitals of the probed element. Lin and coworkers
reported a phase segregation reversibility in mixed Ni−Fe
hydroxide (MNF) OER electrocatalysts by synchrotron X-ray
fluorescence microscopy (XFM).280 As shown in Figure 12e
and f, after 18 h of chronoamperometry (CA) measurement at
1.63 V vs RHE, phase segregation of MNF gradually became
visible, in sharp contrast to that without obvious phase
segregation in CV measurements (1.2−1.8 V vs RHE) even
after 450 cycles. The increased Ni concentration with
prolonging CA time indicated the preferential dissolution of
Fe into the electrolyte. The higher Ni concentration and
narrower Ni distribution after 450 CV cycles compared to that
observed in the CA measurement suggested that CV cycling
may induce more severe Fe depletion, but more homogeneous
Ni−Fe distribution. Additionally, they conducted XFM
analysis under operando conditions to monitor the evolution
of metal species (Figure 12g,h). The Ni/(Ni+Fe) ratio
gradually increased due to the depletion of Fe in MNF and
the mass loading of both Ni and Fe decreased as prolonged CA
measurements. After resting for 4 h, the average atomic ratio
and mass loading recovered to some extent, and the
distribution became narrower again. Subsequently, the same
group revealed the dynamics of Fe incorporation in Ni
hydroxide during OER process.160 As shown in Figure 12i, the
XFM mapping revealed an increased Fe concentration at the
edge sites as the CV cycling increased to 50 cycles in Fe-
containing electrolyte. More obvious changes of the Ni/(Ni
+Fe) ratio were observed after CA measurement at 1.6 V
compared to that after CV cycling conducted at 1.03−1.73 V
vs RHE. This result implied that the Fe incorporation mainly
occurs at OER reactive potential, with drastic transformation of
the electrochemical interface.

3.5. Electron Microscopy Characterizations

The electrochemical reconstruction of an electrocatalyst is
generally companied by the change of surface properties, such
as the morphology, composition, and roughness, which can be
detected using electron microscopy, including scanning
electron microscopy (SEM) and transition electron micros-
copy (TEM).
3.5.1. Scanning Electron Microscopy. Scanning electron

microscopy (SEM) is conducted by scanning the surface of
sample with a focused beam of electrons. The interaction
between electrons and atoms in the sample produces various
signals that contain the surface topography, along with
compositions of the sample. The reconstruction can be
observed by analyzing the SEM images before and after
electrocatalytic processes. For instance, Yang and coworkers
used SEM to observe the HER-induced surface reconstruction
of a Cu−Fe3O4 electrocatalyst.

145 As shown in Figure 13a, the
as-prepared Cu−Fe3O4 exhibited a nanosheets-assembled
morphology with an average thickness of about 1 μm. After
electrochemical activation at −0.12 V vs RHE in 1.0 M KOH
for 20 h, the resulting Cu−Fe3O4-20 featured a newborn
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polygon nanoflakes morphology with dwindled nanosheets
(Figure 13b). These polygon nanoflakes were identified as Cu-
FeOOH/Fe3O4, which subsequently became the main one
accomplished with gradual disappearance of original nano-
sheets after 50 h activation (Figure 13c). Further prolonging
the activation time to 100 h, the microstructure of the resulting
Cu−Fe3O4-100 remained almost unchanged (Figure 13d).
Compared to the HER-induced reconstruction discussed

above, the OER-triggered counterpart is more common and it
was discovered by SEM earlier. We previously explored the
morphologic change of Co−P and Ni2P/Ni/NF bifunctional
electrocatalysts before and after long-term OER process.227,266

As shown in Figure 13e and f, the pristine Co−P demonstrated
a homogeneous and smooth surface, in stark contrast to the
large nanoparticle-aggregated microstructure of the post-OER
sample.266 Similarly, we found that the urchin-like micro-
particle superstructures with numerous nanosheets (Figure
13g) of pristine Ni2P/Ni/NF are partially converted to
featureless monoliths (Figure 13h) after a 20 h OER test at
10 mA cm−2 (post-OER Ni2P/Ni/NF).

227 Moreover,

elemental mapping results (Figure 13h) uncovered the large
concentrations of O over these featureless monoliths,
suggesting the oxidative reconstruction of Ni2P/Ni/NF during
OER.
3.5.2. Transmission Electron Microscopy. Transmission

electron microscope (TEM) forms the images by transmitting
accelerated and focused electron beam crossing the specimen.
In comparison to SEM technique, TEM is capable to detect
the surface evolution and inner structure.157,281 For instance,
Hu’s group used ex situ high-resolution TEM (HRTEM) to
probe the surface reconstruction of Ni2P after OER in alkaline
electrolyte (1.0 M KOH) at 1.5 V vs RHE for 1 h.282 As
depicted in Figure 14a, the HRTEM image of post-OER Ni2P
exhibited the appearance of numerous small nanoparticles in
the outer layer with an average size of 2−3 nm and low
crystallinity. The lattice spacings of the outer and inner layers
were ascribed to nickel oxides/hydroxides species and Ni2P,
respectively. This core−shell Ni2P/NiOx structure was further
confirmed by the elemental mapping images, at which surface-
rich oxygen was observed (Figure 14b).
In order to reveal the dynamically structural and

composition transformation of (NiCo)S1.33 particles, Xi and
coworkers employed in situ electrochemical TEM to directly
observe the sulfur−oxygen exchange.151 As shown in Figure
14c and d, when the potential of 0.9 V (vs Pt pseudoreference)
was applied for 21 s in 0.1 M KOH, the hydroxide intercalation
induced the formation of a new shell on the surface of the
particles, resulting in a 14 nm increase in diameter. The
average thickness of the hydroxide shell increased from 27.75
to 57.00 nm in two seconds (24−26 s) accompanied by the
increase of overall diameter from 582.6 to 597.3 nm, indicating
the gradually intensified reconstruction during OER. As
prolonging the time, the reconstruction continued until to 32
s to reach a stable state with a shell thickness of 127.1 nm. In
addition, the authors also revealed a more detailed insight into
the surface reconstruction of (NiCo)S1.33 by conducting in situ

Figure 13. SEM images of (a) pristine Cu−Fe3O4, (b) Cu−Fe3O4-20,
(c) Cu−FeOOH−Fe3O4, and (d) Cu−Fe3O4-100. Reproduced with
permission from ref 145. Copyright 2022 Wiley-VCH. SEM images of
Co−P film (e) before and (f) after OER. Reproduced with permission
from ref 266. Copyright 2015 John Wiley and Sons. SEM images of
Ni2P/Ni/NF (g) before and (g) after OER along with the
corresponding elemental mapping images. Reproduced with permis-
sion from ref 227. Copyright 2016 American Chemical Society.

Figure 14. (a) HRTEM image of post-OER Ni2P and (b) corresponding elemental mapping images. Reproduced from ref 282. Copyright 2015
Royal Society of Chemistry. (c, d) In situ TEM images of (NiCo)S1.33 under 0.9 V. (e) In situ atomic HAADF images of (NiCo)S1.33 after
constantly applying di�erent potentials for 20 s. (f) In situ elemental mapping images of S and O under di�erent applied potentials. (g) Schematic
diagram of lattice sulfur−oxygen substitution process. Reproduced from ref 151 under the terms of the CC-BY 4.0 license. Copyright 2023 The
Authors, published by Springer Nature.
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atomic HAADF imaging. After constantly applying di�erent
potentials (0.9−1.3 V vs Pt pseudoreference) for 20 s, the in
situ HAADF images (Figure 14e) of (NiCo)S1.33 showed
intensified surface reconstruction (amorphous regions) with
increasing potential anodically. The corresponding elemental
mapping along with extracted elemental distribution curves
(Figure 14f,g) at 0.9 V revealed the progressive replacement of
S by O to form the S−O coexisting phase in the sulfide lattice.
Combined with electron energy loss spectroscopy (EELS)
based on the inelastic scattering between incident electrons
with specimens,283 a more detailed analysis of atomic
electronic environment of oxygen could be obtained to
expound the lattice sulfur−oxygen exchange process (Figure
14g). Under 0.9 V where (NiCo)S1.33 particle maintained the
crystal structure without any reconstruction behavior, three
peaks of the in situ EELS of O K-edge can be assigned to the
hybridization of O 2p with Co 3d, Ni 3d, and Co 4sp orbitals,
respectively, confirming the substitution of O for S in
(NiCo)S1.33 and the formation of ionic bonds between O
and Co/Ni atoms. As the surface reconstruction proceeded,
the dissociation of the surface crystal structure induced the
bond breaking of Co−O and Ni−O, as evidenced by the

presence of peak assignable to the characteristic oxygen in an
amorphous structure.

3.6. Scanning Probe Microscopy

In situ/operando scanning probe microscopy (SPM) that
utilizes the interaction between a scanning tip and surface can
obtain local surface/interface structure information at atomic
scale under real conditions with high spatial resolution and
temporal sensitivity, making it powerful to study the dynamic
electrochemical reconstruction.284,285 SPM represents a family
of techniques; it typically includes scanning tunneling
microscopy (STM), atomic force microscopy (AFM), scanning
electrochemical microscopy (SECM), and scanning electro-
chemical cell microscopy (SECCM).
3.6.1. Scanning Tunneling Microscopy. Electrochemical

STM (EC-STM) uses a sharp metallic tip as the probe to scan
over a conducting sample and the corresponding tunneling
current (it) is detected for positional feedback (Figure 15a),
providing local structural properties at the electrified solid−

liquid interface with high-resolution.284−286 Generally, EC-
STM is operated using the constant current mode at which Eb
is fixed, and Et and Es are changed simultaneously. When the
slightly polarized tip is scanned close to the underlying

Figure 15. (a) Schematic of EC-STM. Reproduced from ref 286. Copyright 2023 Elsevier. (b) EC-STM images of cobalt oxide NIs measured at 0.1
V and −0.3 V vs RHE. (c) EC-STM images of cobalt oxide NIs measured at 0.8 V, 1.1 V, 1.5 and 0.8 V vs RHE. Reproduced from ref 287.
Copyright 2021 John Wiley and Sons. (d) Potential-sensing electrochemical AFM setup with the cantilever, fully electrically insulated except for the
exposed nanotip, serving as a potential probe. (e) AFM topographic image of CoPi-coated ITO surface. (f) Potential-step experiments performed
in 0.1 M aqueous potassium phosphate. Reproduced from ref 291. Copyright 2017 Springer Nature. (g) EC-STM topography of a β-Co(OH)2
particle in 0.1 M KOH at di�erent applied potentials. Reproduced from ref 163. Copyright 2021 Springer Nature.
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conductive sample with a distance in the atomic range, the it is
initiated. Then the vertical distance (z) between the tip and
sample is dynamically adjusted using the feedback loop to keep
it constant at each lateral point (x, y) of the conductive sample.
The insulation layer of the tip is used to deconvolute the
tunneling current from the Faradaic process.
In this way, Brummel and coworker investigated the

structural dynamics of cobalt oxide nanoislands (NIs) during
both HER and OER by EC-STM.287 In the potential region of
HER, a coated PtIr tip was employed, and the tip was kept
constant at 0.5 V vs RHE with a tunneling current of 0.8 nA.
At 0.1 V vs RHE, numerous bilayers (BL) NIs were presented
on the surface (Figure 15b). Small aggregates with an apparent
height of 3.0 Å corresponding to double-bilayer (DL) NIs then
formed at the potential of 0.0 V vs RHE. Further decreasing
the potential to −0.3 V vs RHE, an additional type of island
formed with an apparent height of 5.6 Å, corresponding to 3
atomic layers of metallic cobalt (Figure 15b). When scanning
the potential back to 0.2 and 0.8 V vs RHE, the islands of both
metallic cobalt and DL dissolved, with only few residues of BL
NIs on the surface. These results suggested that cobalt oxide
NIs are highly dynamic at the onset of reduction of Co3+ to
Co2+ and below, wherein restructuring, dissolution, and
redeposition processes occurred during HER. In the potential
region from OCP to OER, the W-tip was kept constant at 0.35
V vs RHE with a tunneling current of 0.1 nA (Figure 15c). At
1.1 V vs RHE, the striped features oriented in hexagonal
symmetry on the top of the DL NIs were observed and the
apparent height was calculated to be 3.1 Å. Further increasing
potential to 1.5 V vs RHE, round features distributed over the
whole surface appeared. After keeping at 1.8 V vs RHE for 20
min and switching back to 0.8 V vs RHE, additional small
islands with an apparent width of 2 to 5 nm and an apparent
height of 2.4 Å can be observed, in stark contrast to that at the

same potential before positive potential scanning. The surface
morphology reconstruction was ascribed to the oxidation of
cobalt and gold species during OER.
Recently, Zhang and coworkers directly observed the

dynamic reversible reconstruction of LaNiO3 (LNO) during
OER process by EC-STM.288 The EC-STM images revealed
that the surface reconstruction-induced potential-dependent
and revisible change of the mean height (0.76 → 2.71 → 0.79
nm) for Ni-rich terminated LNO was ascribed to the redox
reaction of the Ni component (β-Ni(OH)2 ↔ NiOOH).288

3.6.2. Atomic Force Microscopy. One limit of EC-STM
is that only conductive samples can be analyzed. In contrast,
the electrochemical atomic force microscopy (EC-AFM)
utilizes tip−sample force interactions instead of their tunneling
current, so that a wider variety of samples including insulators
can be studied.289,290 Boettcher and collaborators demon-
strated a contact-based potential-sensing EC-AFM for
operando measurement of the surface electrochemical
potential in heterogeneous electrochemical system during
OER.291 In their experiment, the force feedback was applied
to control tip−substrate interaction through cantilever
deflection, allowing a stable electrical connection between
the substrate and the potential-sensing tip of AFM nano-
electrode (Figure 15d). When the tip was brought to contact
with the cobalt (oxyhydroxide) phosphate (CoPi) deposited
ITO substrate, the corresponding surface can be mapped
(Figure 15e). At the substrate potential (Esub) of below 0.2 V
vs the OER thermodynamic potential (εOd2/OH

−), the measured

catalyst potential (Etip) was almost una�ected (Figure 15f). By
contrast, increasing the Esub to 0.27 V vs εOd2/OH

− or more, the

measured Etip began closely tracking Esub, consistent with the
increase in conductivity due to oxidation of CoPi to Co
(oxy)hydroxide (Figure 15f).

Figure 16. Schematic of SECM with (a) positive feedback produced by oxidation/reduction of ferrocenemethanol (Fc) and (b) substrate
generation/tip collection of dioxygen at NiO nanosheet. Reproduced with permission from ref 293. Copyright 2019 PNAS. Surface interrogation-
SECM measured (c, e) integrated charge density plotted against substrate potential for (c) MnOx and (e) CaMnO3, and (d) plots of site density of
Mn(III), Mn(IV), and Mn(V) for MnOx, as well as (f) plots of site density of Mn

V in CaMnO3, Mn
V
fast in MnOx, and MnVslow in MnOx.

Reproduced with permission from ref 162. Copyright 2020 John Wiley and Sons.
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Similarly, Chueh and coworkers investigated the changes in
particle morphology of β-Co(OH)2 during OER by EC-AFM
(Figure 15g).163 The particle height increased by approx-
imately 10% on average at 1.2 V vs RHE, similar to previously
reported EC-AFM results for single-layer CoOxHy after cycling.
This change in height was correlated with the lateral expansion
of the particle and reached a maximum at the potential of 1.39
V vs RHE. Subsequently, the particle started contraction at
∼1.58 V vs RHE and reached its initial dimension gradually.
3.6.3. Scanning Electrochemical Microscopy. Com-

pared with EC-STM and EC-AFM, scanning electrochemical
microscopy (SECM) can resolve the electrochemical reactivity
at nanoscale, which uses an ultramicroelectrode tip as a
working electrode in a cell equipped with counter and
reference electrodes to scan the substrate surface. The
electrochemical reactions at the tip, substrate, or both can be
detected. Although SECM is developed based on STM, its
operating principle depends on Faradaic current between the
tip−substrate interaction.284,285,292 Figure 16a and b showed
two main operational modes of SECM, the feedback (FB)
mode and generation/collection (G-C) mode.293 In the FB
mode, a reversible redox mediator is, for example, oxidized at
the tip under positive potential. When the tip moves closes to a
conductive substrate, the oxidized species generated at the tip
can di�use and be reduced back, leading to additional mediator
flux to the tip and thus positive feedback (Figure 16a). In the
G-C mode (Figure 16b), the generated electroactive species at
a biased substrate/tip are detected and collected electrochemi-
cally at tip/substrate.
Bard’s group employed surface interrogation SECM to

analyze the surface kinetics of Ni4+ and Fe4+ in NiFe-based
oxyhydroxides in an alkaline environment using Fe-based
triethanolamine (TEA) complex as the redox mediator.294 The
unusually high densities of surface catalytic sites in these NiFe-
based oxyhydroxides indicated that many bulk atoms are

involved for OER via fast interlayer hole transfer. They also
found that Ni4+ is indeed OER-inactive, while the dispersed
Fe4+ in a NiOOH matrix is the highly active site for OER in
Ni1−xFexOOH. After that, the same group also investigated the
manganese oxidation state in amorphous MnOx and perovskite
CaMnO3 during the OER by surface interrogation SECM
(Figure 16c−f).162 A current rise with increasing substrate
potential from 0.8 to 1.0 V vs Ag/AgCl indicated the
transformation of Mn3+ to Mn4+ (Figure 16c), while Mn4+

trace showed the increase of the tip current due to the
reduction of Mn4+ intermediates. When pulsing the substrate
potential to 1.16 V vs Ag/AgCl, the second rise of the charge
density was larger than the total original charge density of
Mn3+ and Mn4+, implying the formation of Mn5+ during OER
(Figure 16d). Similarly, the oxidation state of Mn in CaMnO3

was also examined. As depicted in Figure 16e, the Mn5+ in
CaMnO3 can be generated above 1.1 V vs Ag/AgCl associated
with OER, lower than that for amorphous MnOx. Based on the
time-delay titration of Mn5+ (Figure 16f), they found that the
MnOx possess two di�erent sites with di�erent reaction rate
(1.21 and 0.24 s−1), while the CaMnO3 display only one
kinetic behavior with a faster reaction rate (1.72 s−1).
3.6.4. Scanning Electrochemical Cell Microscopy.

Scanning electrochemical cell microscopy (SECCM) is a
pipet-based tip technique to image surface with a lateral
resolution at nanometer ranges.295 In SECCM, the electro-
chemical cell is confined in a droplet (pipet), which combines
with one or two back-inserted quasi-reference counter
electrode(s) (QRCE) as the probe.284,285 As shown in Figure
17a, the feedback signal is originated from the ionic current
induced by applying a bias between the QRCEs and can be
used to obtain height profile. Chueh and coworkers used
SECCM to directly map the OER current and bulk redox
transformations of β-Co(OH)2 particles.

163 Both the scanning
and hopping modes (Figure 17b) were used to collect

Figure 17. (a) Schematic of the SECCM technique. (b) Scanning-mode and hopping-mode SECCM. (c) Tip current density as a function of
position in scanning constant height mode for β-Co(OH)2 particles shown in the SEM images on the right. The scan direction was indicated by the
dotted yellow arrows and the interrogation width was calculated to be approximately 400 nm. (d) Topography and local current density mapping
images at di�erent potentials. Reproduced with permission from ref 163. Copyright 2021 Springer Nature. (e) SECCM mapping image and (f)
current density histogram of the 100-cycle microelectrode measured at 0.65 V vs Pt QRCE. (g) SECCM mapping image and (h) current density
histogram of the as-polished Co microelectrode, plotted from the 2nd CV cycle. Reproduced with permission from ref 296 under the terms of a
CC-BY 4.0 license. Copyright 2023 The Authors, published by John Wiley and Sons.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00332
Chem. Rev. 2024, 124, 3694−3812

3718

https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig17&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig17&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


complementary information on the connection between local
OER activity and bulk oxidation. The chronoamperometry at
1.87 V vs RHE was employed in the scanning mode, and the
pipet was moved over the particles with a lateral translation
rate of 30 nm s−1. As shown in Figure 17c, the current was
observed only at the edge of the particles, implying that the
particle edge facets dominate the electrochemical reactivity of
the system. In the hopping-mode at which electrolyte contact
with the surface was broken and re-established during each
step, the pipet was scanned across the particles and linear
sweep voltammetry was performed at a scan rate of 1.0 V s−1 at
each step. Simultaneous topographical (top) and voltammetric
mapping (bottom) of the electrochemical response (Figure
17d) across the particles revealed the high electrochemical
activity of particle edge facets relative to the basal planes again.
The activity sites for OER were expected to be the oxidized
phase of CoOxHy. In the progressive oxidation of layered β-
Co(OH)2, ion (de)intercalation was facilitated at the edge
facets featuring adequate contact with electrolyte. By contrast,
the restricted ion movement in the <0001> direction of the
CoO2 slabs prevented bulk redox transformation reactions
from forming more conductive CoOxHy species.
Recently, Li and coworkers combined SECCM and electron

backscatter di�raction (EBSD) to reveal the trend in OER
activity across various facets of Co (oxy)hydroxides, along with
reconstruction.296 The SECCM mapping image of 100-cycle
Co microelectrode (Figure 17e) was obtained by conducting
chronoamperometry measurement at a fixed potential of 0.65
V vs a Pt QRCE during OER, and a distinct current di�erence
can be observed for di�erent facets. For instance, the
(oxy)hydroxide formed on the [1̅21̅0]-oriented Co facet

exhibited higher current response than that from [022̅1]-
oriented Co (Figure 17f). Additionally, the correlative EBSD-
SECM measurements on the as-polished Co microelectrode
showed that [0001]-oriented Co facet features higher currents
than [022̅1]-orientated Co facet after one cycle of SECCM test
(Figure 17g,h).

3.7. Other Characterizations

In addition to the above characterization techniques, several
other methods could also be used to identify the electro-
chemical reconstruction during water splitting. These advanced
techniques include Auger electron spectroscopy, ion scattering
spectroscopy, atom probe tomography, Mössbauer spectros-
copy, and mass spectrometry.
Similar to XPS, Auger electron spectroscopy (AES) is

another sensitive surface-analysis technique and can be used to
identify the specific element. The incident electron or X-ray
interacts with sample and excites an electron in the inner layer
to form a hole. The energy release during the transition of the
outer electron at higher energy level to inner hole excites
another electron to form free electron named as the Auger
electron, and the kinetic energy of Auger electron is
independence of the incident radiation/electron.265 Zhang
and coworkers conducted AES depth-profiling to analyze the
surface oxidative reconstruction of Ni3S2 after OER (Figure
18a).159 With increasing surface etching, the sulfur content
gradually increased from 6.1 to 23.2 at% and became stable,
while the O content reduced from 49.8 to 0 at%, collectively
confirming the core−shell structural elemental distribution and
the formation of the surface oxysulfide.

Figure 18. (a) Depth-profiling sulfur, oxygen, and nickel AES spectra of the Ni3S2 after OER. Reproduced with permission from ref 159. Copyright
2022 Royal Society of Chemistry. (b) Schematic of LEIS on probing the elemental compositions at the topmost surface of RuxIryO2. (c) Ir/Ru
atomic ratios of RuxIryO2 (“as is”) and after in situ heating at 150 °C in vacuum (“as is +150”), respectively. Reproduced with permission from ref
297. Copyright 2020 Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature. (d) Top-down view and cross-sectional
side view of APT reconstruction after anodic oxidation at 1.55 V vs RHE for 60, 180, and 300 s. Reproduced with permission from ref 298.
Copyright 2023 John Wiley and Sons.
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Ion scattering spectroscopy, also known as low-energy ion
scattering (LEIS) is also a powerful technique to analyze the
elemental composition of the outermost atomic layer of a
material. Peng and collaborators, for example, conducted the
LEIS measurement to quantify the adsorbed oxygen species on
the surface Ru or Ir sites of RuxIryO2 for OER on the basis of
the variations in Ru and Ir signal intensities (Figure 18b,c).297

After in situ heating at 150 °C in vacuum, Ir/Ru atomic ratio at
topmost atomic layers of RuxIryO2 decreased from 3.01 to 1.30,
di�erent from the unchanged Ir/Ru ratio in bulk. This result
suggested the higher amount of oxygen species released from
the surface Ru sites than from the surface Ir sites.
Atom probe tomography (APT) relies on ionization and

subsequent field evaporation of individual atoms/clusters from
a specimen surface. It is a nanoscale analysis technique that can
provide three-dimensional spatial imaging with high sensitivity.
To examine the e�ect of surface orientations on the formation
of oxide species of Ir electrode during OER, Li and coworkers
prepared the Ir APT sample by electropolishing of Ir wire and
conducted the APT analysis (Figure 18d).298 After anodic
oxidation at 1.55 V vs RHE for 60 s, the oxides with high
coverage on (024), (026), (113), and (115) planes as
indicated by the O iso-concentration surfaces (blue) were
observed (top-down view), along with the formation of
uniform hydroxy groups (green) on the Ir tip surface (top-
down view). The corresponding cross-sectional side view
images revealed thin oxides layers on (002), (026), (113), and
(115) planes (2−6 atoms) and a relatively thick oxide layer (6
nm) on (024) plane. As the time prolonged to 180 s, more
oxides were selectively grown on (026), (024), (220), and
(111) planes as well as step edges of the (002) plane (top-
down view), along with increased layer thickness (side view).
Further increasing the time to 300 s, the tip surface of Ir was
fully oxidized with most obvious growth on the (026), (024),
(113), and (115) planes. Remarkably, the thickness of the
oxides on (113) and (115) planes was still thin (2−3 nm, side

view), in contrast to that on (024) and (026) planes (6−10
nm). These results clearly demonstrated the surface
orientation-dependent oxidative reconstruction of Ir during
OER. Recently, Li and coworkers also employed APT analysis
to investigate the structure−activity relationships of various
faceted β-CoOOH formed on a Co microelectrode under OER
conditions.296

Mössbauer spectroscopy is based on the recoilless nuclear
resonance emission and absorption of γ- rays by specific nuclei
and is a powerful technique to investigate the evolution of
coordination symmetry, oxidation state, electron spin state,
and magnetic information on active sites, of which 57Fe centers
are the most widely explored in various elements.299,300 Three
primary parameters related to Mössbauer spectroscopy, the
isomer shift (δ), the quadrupole splitting (Δ), and the
magnetic hyperfine field (B), depict the valence/spin state,
electronic symmetry, and magnetic structure of the atomic
nuclei, respectively. Stahl and coworkers conducted operando
Mössbauer measurements to analyze the role of Fe in NiFe
layered oxyhydroxide (57Fe-enriched hydrous Fe oxide and 3:1
Ni:Fe LDH/oxyhydroxide).301 As shown in Figure 19a, CV
curves were collected in the operando cell prior to Mössbauer
tests. The initial Mössbauer spectroscopy (Figure 19b) of 3:1
Ni:Fe LDH/oxyhydroxide under OCP showed a doublet with
a δ of 0.34 mm s−1 and a Δ of 0.46 mm s−1, corresponding to
the high-spin and Jahn−Teller-distorted Fe3+ species. No
change was observed at the potential of 1.49 V vs RHE (Figure
19c). Upon applying a potential of 1.62 V vs RHE (significant
OER), a shoulder emerged at δ = −0.27 mm s−1 was identified
as Fe4+ species, and the intensity reflected that approximately
12% of Fe3+ is oxidized to Fe4+(Figure 19d). The content of
Fe4+ increased to 21% when the potential increased to 1.76 V
vs RHE (Figure 19e) and maintained at 20% even when the
potential dropped back to 1.49 V vs RHE (Figure 19f). The
oxidized Fe peak finally disappeared after keeping the post-
OER sample for 48 h in the absence of applied potential

Figure 19. (a) CV curves of 3:1 Ni:Fe LDH/oxyhydroxide (blue), hydrous Fe oxide (green), and carbon paper (CP). Operando Mössbauer
spectra of 3:1 Ni:Fe LDH/oxyhydroxide collected at potentials cycling from (b) open circuit, (c) 1.49 V, and (d) 1.62 V, to (e) 1.76 V, and then
back to (f) 1.49 V and (g) open circuit vs RHE. Operando Mössbauer spectra of hydrous Fe oxide collected at potentials from (h) open circuit to
(i) 1.62 and (j) 1.76 V vs RHE. Reproduced with permission from ref 301. Copyright 2015 American Chemical Society.
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(Figure 19g). By comparison, the Mössbauer spectroscopy of
57Fe-labeled hydrous Fe oxide did not signify the formation of
Fe4+ species (Figure 19h−j), reflecting the influence of the
second-coordination-sphere metal ions. Additionally, the larger
quadrupole splitting suggested the Fe sites have a more-
distorted geometry in the Fe-only electrocatalyst. These data
provided the direct evidence of OER reconstruction and the
formation of Fe4+ for 3:1 Ni:Fe LDH/oxyhydroxide.
Di�erential electrochemical mass spectrometry (DEMS)

shows a unique superiority in the qualitative and quantitative
analysis of products during electrocatalysis process and the
dissolved ions of electrocatalysts (if any), which can be used to
indirectly identify the electrochemical reconstruction.302−306

Lee and coworkers demonstrated the dynamic cation exchange
of Ru-atom-array patches supported on α-MnO2 with Ru mass
loading of 11.6 wt % (12Ru/MnO2) during OER following the
oxide path mechanism (OPM) by operando isotope labeling
DEMS (Figure 20a−c).307 The DEMS signals of produced O2

for 4Ru/MnO2 (Ru single atoms) and 12Ru/MnO2 were
collected in the H2

18O electrolyte during three times of LSV
(1.17−1.72 V vs RHE). The 4Ru/MnO2 produced only

34O2

and 36O2 (Figure 20b), while the 12Ru/MnO2 steadily
produced 32O2,

34O2 and
36O2 (Figure 20c). The presence of

32O2 implied the direct coupling of 16Oads (surface oxygen
adsorbates) on neighboring Ru sites and thus the OPM over
12Ru/MnO2 for OER. After washing with abundant H2

16O,
the 36O2 products can be also detected during 12Ru/MnO2-
catalyzed OER in the H2

16O-contained electrolyte, confirming
the OPM pathway again. Similarly, Hou and coworkers used
the in situ DEMS to observe an irreversible reconstruction
behavior accompanied by copper dynamic evolution for Cu2S/
CoFe LDH during OER and they verified the oxygen-vacancy-
site mechanism (OVSM) pathway.156 Additionally, secondary
ion mass spectroscopy (SIMS), as a sensitive surface-analysis

technique, is also employed to determine electrochemical
reconstruction. Typically, SIMS is conducted by sputtering of a
specimen with an ion beam and the ejected secondary ions are
analyzed subsequently by MS. To prove the sulfide-oxysulfide
core−shell structure after surface reconstruction of Ni3S2
during OER, Zhang and collaborators selected time-of-flight
SIMS (TOF-SIMS) to characterize the element depth-
profiling.159 As shown in Figure 20d, the pristine Ni3S2
demonstrated similar sulfur-rich and oxygen-free element
composition on both the surface and the inner layer. By
contrast, the post-OER Ni3S2 exhibited decreased oxygen
signal and increased sulfur signal after depth etching (Figure
20e), confirming the OER-triggered surface oxidative recon-
struction of Ni3S2 toward the unique sulfide-oxysulfide core−
shell structure (Figure 20f). At the end, we have summarized
the working principle and capability of the relevant character-
ization techniques in Table 3.

4. BIFUNCTIONAL ELECTROCATALYSTS FOR
OVERALL WATER SPLITTING

Water splitting proceeds through two half-reactions with a
thermodynamic potential of 1.23 V: the hydrogen evolution
reaction (HER) and the oxygen evolution reaction
(OER).32,308 In order to improve the energy conversion
e%ciency for hydrogen generation, electrocatalytic water
splitting is usually conducted in either acidic or alkaline
solution to reduce solution resistance, and advanced electro-
catalysts like Pt-based materials for HER and Ru/Ir-based
oxides for OER are used to accelerate the reaction kinetics.309

Generally, OER with four-electron transfer needs higher
overpotentials than two-electron HER even catalyzed by
commercial RuO2 and IrO2 benchmarks,43,310 accountable
for the main electricity consumption. Based on the Nernst
equation, alkaline conditions are favorable to OER and acidic

Figure 20. (a) Schematic of the operando DEMS. DEMS signals of O2 products for (b) 4Ru/MnO2 and (c) 12Ru/MnO2 in the electrolyte using
H2

18O as the solvent during three times of LSV in the potential range of 1.17−1.72 V vs RHE. Reproduced from ref 307. Copyright 2021 Springer
Nature. TOF-SIMS mapping images of sulfur and oxygen on the surface (left) and on the inner layer (right) of the Ni3S2 electrocatalyst (d) before
and (e) after OER. (f) Schematic of structural reconstruction of the Ni3S2 during OER process. Reproduced with permission from ref 159.
Copyright 2022 Royal Society of Chemistry.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00332
Chem. Rev. 2024, 124, 3694−3812

3721

https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig20&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


electrolytes are conducive to HER. Consequently, most of the
early research focuses on developing high-performance HER or
OER electrocatalysts in acidic or alkaline electrolytes,
respectively,311−315 while such a di�erence of electrolytes is
not suitable for practical water electrolysis, wherein the same
electrolyte at both cathode and anode is preferred. Although
recent studies have developed alkaline HER electrocata-
lysts316−318 or acidic OER electrocatalysts to couple with
counter electrodes for overall water splitting (OWS),90,319

di�erent precursors, equipment, and/or procedures are needed
to separately synthesize and assemble them due to their single
functionality. In this regard, developing bifunctional electro-
catalysts with both HER and OER activities in the same
electrolyte are particularly desirable for practical applications,
as it would simplify the electrocatalysts synthesis, electrodes
fabrication and thus reduce the overall cost.320 Moreover,
bifunctional electrocatalysts with the same composites would
alleviate the cross-contamination issue due to the electro-
chemical reconstruction of electrocatalysts during long-term
operation.
Currently, the bifunctional electrocatalysts for acidic OWS

with decent activity and stability are still limited to noble metal
Ru and Ir. Their high price and scarcity significantly prohibit
the large-scale commercialization.321,322 The prevailing strat-
egies in this field is disentangling the activity-cost trade-o�. On
the other hand, for the alkaline OWS, numerous nonprecious
metal-based materials have been explored as bifunctional

electrocatalysts.32,33 In this section, we review the relevant
progress on synthesis of various bifunctional electrocatalysts
for OWS in acidic and alkaline electrolytes based on noble
metals, nonprecious metals, and metal-free nanocarbons.

4.1. Overall Water Splitting in Acidic Electrolytes

With compact design, fast response, ultrahigh hydrogen purity,
and superior stability toward loading-cycling and shutdowns,75

acidic water electrolysis based on PEM has received much
attention. One of the most challenges in this field is how to
develop high performance and cost-e�ective bifunctional
electrocatalysts.
4.1.1. Ru-Based Electrocatalysts. Ruthenium (Ru) has

garnered considerable attention compared to other platinum
group metals due to its relative cost-e�ectiveness, moderate
binding with reactive intermediates, and decent corrosion
resistance.323−325 To improve the atomic utilization, Ru-based
nanoparticles are usually employed.326 To further improve
their electrocatalytic HER and OER activities, as well as inhibit
the peroxidation during OER,75,327−329 various nanostructur-
ing strategies have been reported.
Zhang and coworkers employed the interfacial engineering

to prepare a heterostructure of oxygen vacancy-rich subnan-
ometer RuO2 skin integrated with interconnected Ru clusters
on a carbon hybrid microsheet (Ru@V-RuO2/C HMS)
through controlled thermal treatment of Ru/C microsheet
(Figure 21a).330 HRTEM and aberration corrected HAADF-

Table 3. Summary of Working Principle, Signal Acquisition, and Capability of the Relevant Characterization Techniques

Techniques Working principle Signal acquisition Capability

FTIR absorption of incident infrared photons by samples transmission or reflection
infrared photons

chemical bonds and groups

Raman inelastic scattering of incident photons with samples scattered photons
(transmission or
reflection)

chemical bonds and groups

UV−vis absorption of UV and visible light by molecules or ions of
substances

transmission UV and visible
lights photons

composition, content, and structure

XRD elastic scattering of incident X-ray and interfering of
secondary X-ray with each other to produce specific
di�raction

scattered and interfered X-
rays

phase structure and crystal size

XPS inelastic scattering of incident X-ray photons with samples photoelectrons elemental composition and chemical valence states

XAS absorption of incident X-ray photons by samples secondary electrons,
fluorescence, transmission
photons

electronic state/coordination environment

XES emission of secondary X-ray photons excitated by incident
X-rays

emitted X-ray photons charge/spin state, ligand properties, and symmetry

XRF excitation of elemental characteristic X-ray photons by
incident monochromatic X-rays

fluorescence X-ray photons composition, distribution, and chemical state

SEM interaction between incident electron beam and specimen backscattered electrons,
secondary electrons

surface morphology

TEM interaction between incident electron beam and specimen transmission electrons surface morphology and hyperfine structure

STM detecting the tunneling current between the probe and
sample surface for positional feedback

tunneling current imaging topography and electronic structure, in situ/operando
investigating interfacial evolution, quantifying local activity

AFM detecting the interactive forces between the tip and sample physical or chemical force mapping topography and local work function, in situ/
operando investigating interfacial evolution

SECM detecting Faradaic current of a redox mediator between the
tip and substrate

Faradaiccurrent quantitatively detecting reaction products and studying
reaction kinetics, mapping surface reactivity

SECCM detecting the feedback signal (ionic current/Faradaic
current) induced by applying a bias between the QRCEs

ionic current, Faradaic
current

mapping local reactivity

Mössbauer
Spectroscopy

the recoilless nuclear resonance emission and absorption of
γ-rays by specific nuclei

transmission and
backscattered γ-rays

oxidation state, electron spin configuration, symmetry and
magnetic information

DEMS deflection of moving ions by electric and magnetic fields mass-to-charge ratio qualitative and quantitative detection of volatile products or
intermediates

SIMS detecting secondary ions produced from the incident
primary ions with specimen

secondary ions surface element and structure makeup

AES Auger e�ect Auger electrons surface element and structure makeup

LEIS elastic collision of noble gas ions with the outmost atomic
layers of a sample

backscattered ions surface element and structure makeup
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TEM images of Ru@V-RuO2/C HMS revealed that the core−
shell clusters with Ru core covered by several atomic layers of
RuO2 shells are widely distributed within porous microsheets
(Figure 21b−d). Geometric phase analysis (GPA) showcased
the presence of asymmetrical strain distribution at the Ru/
RuO2 interface. Analysis of the Ru 3d XPS spectra (Figure
21e) indicated that the valence of Ru in Ru@V-RuO2/C HMS
is less than 4+ and between those for Ru/C HMS and RuO2,
indicative of the suppressed peroxidation of Ru4+. To confirm
the core−shell structure of Ru@V-RuO2/C HMS, the authors

conducted XPS depth profile analysis (Figure 21f). From
surface to interface and then to inside, the Ru 3d peaks
gradually enhanced with negative shift toward low binding
energy, indicating the inhomogeneity of metallic Ru and the
metal@metal oxide heterostructure. Additionally, the depth
high-resolution O 1s XPS spectra (Figure 21g) confirmed the
presence of oxygen vacancies (VO) at the interface between Ru
and RuO2, as revealed by their increased peak intensity. The
authors speculated that the unique core−shell heterostructure
with asymmetrical strain and plentiful VO not only prevents

Figure 21. (a) Schematic of the formation of Ru@V-RuO2/C HMS. (b) HRTEM and (c, d) aberration-corrected HAADF-STEM images of Ru@
V-RuO2/C HMS. (e) High-resolution Ru 3d + C 1s XPS spectra of Ru/C HMS, Ru@V-RuO2/C HMS, and RuO2. High-resolution (f) Ru 3d + C
1s and (g) O 1s XPS spectra of Ru@V-RuO2/C HMS at di�erent depths. LSV curves of Ru@V-RuO2/C HMS before and after cycles, and controls
for (h) OER and (i) HER. (j) LSV curves of Ru@V-RuO2/C HMS couple for OWS. Reproduced with permission from ref 330. Copyright 2022
John Wiley and Sons.
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peroxidation of RuO2 but also optimizes kinetics, collectively
accelerating the electrocatalytic HER/OER kinetics. Electro-
chemical tests demonstrated that the Ru@V-RuO2/C HMS
exhibits excellent electrocatalytic activity and stability for both
HER and OER in acidic solution (0.5 M H2SO4) with
respective overpotentials of 47 and 176 mV at 10 mA cm−2

(Figure 21h,i), lower than those of Ru/C HMS (>80 mV for
HER) and commercial RuO2 (277 mV for OER). The almost
overlapped LSV curves of Ru@V-RuO2/C HMS for both HER
and OER before and after 5k or 10k cycles evidenced its robust
stability. Moreover, the Ru@V-RuO2/C HMS couple show-
cased extraordinary activity for OWS in 0.5 M H2SO4, with a
requirement of only 1.467 V to achieve 10 mA cm−2 (Figure
21j).
Doping exotic metals is another powerful route to tailor the

electronic structure of the underlying RuO2 electrocatalyst for

enhanced activity and stability. Huang and coworkers reported
the synthesis of single-site Pt-doped RuO2 hollow nanospheres
(SS Pt-RuO2 HNSs) with interstitial carbon (C) using a
hydrothermal followed by high-temperature annealing meth-
od.5 XRD pattern of the SS Pt-RuO2 HNSs (Figure 22a)
showed characteristic di�raction peaks attributed to RuO2 and
the absence of metallic Pt peaks indicated the well-dispersion
of Pt atoms on RuO2 surface. Moreover, the absence of carbon
shells in HRTEM image (Figure 22b) confirmed the
incorporation of C into RuO2 lattice. Spherical aberration-
corrected HAADF-STEM with atomic line profile and fast
Fourier transform (FFT) images (Figure 22c) revealed a
tetragonal structural arrangement (P42/mnm) of Ru and O
atoms, with isolated Pt atoms occupying the Ru positions.
Additionally, X-ray absorption spectroscopy (Figure 22d−f)
including XANES and FT-EXAFS spectra of SS Pt-RuO2

Figure 22. (a) XRD pattern, (b) HRTEM image, and (c) HAADF-STEM image (upper left), FFT pattern (upper right), line-scanning intensity
profile obtained from the white line 1 (lower left), and crystal structure model (lower right) of SS Pt-RuO2 HNSs. (d) Pt L3-edge FT-EXAFS
spectra of SS Pt-RuO2 HNSs, PtO2, and Pt foil. (e) Ru K-edge XANES and (f) Ru K-edge FT-EXAFS spectra of SS Pt-RuO2 HNSs, commercial
RuO2, and Ru foil. (g) Structural illustration of SS Pt-RuO2 HNSs. (h) Free energy profiles of OER process on RuO2 and SS Pt-RuO2 HNSs. (i)
LSV curves of SS Pt-RuO2 HNSs couple and commercial Pt/C||RuO2 couple in 0.5 M H2SO4. Reproduced with permission from ref 5 under the
terms of a CC-BY 4.0 license. Copyright 2022 The Authors, published by American Association for the Advancement of Science.
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HNSs indicated the absence of Pt−Pt coordination (Figure
22d), obvious electron transfer between Pt and RuO2 (Figure
22e) and an expanded interatomic distance between Pt−O and
Ru−O bonds due to the insertion of carbon atoms (interstitial
atoms) into the gap (Figure 22f,g). The strong interaction
between the single-site Pt and RuO2 significantly changed the
electronic properties of the SS Pt-RuO2 HNSs, leading to
improved electrocatalytic performance. DFT calculations
(Figure 22h) demonstrated that RuO2 with single-site Pt
exhibits a reduced energy barrier of RDS relative to bare RuO2

for OER under both zero and equilibrium potential. As a result,
the SS Pt-RuO2 HNSs couple required a cell voltage of only
1.49 V to a�ord 10 mA cm−2 in 0.5 M H2SO4 for OWS (Figure
22i), lower than that of commercial Pt/C and RuO2

benchmark couple (1.56 V).
To maximize the utilization of noble Ru atoms, Xin and

coworkers synthesized single-atom Ru sites anchored on
Ti3C2Tx MXene nanosheets (Ru-SA/Ti3C2Tx).

331 The isolated
Ru−O2 sites in Ru-SA/Ti3C2Tx e�ectively optimized reac-
tants/intermediates adsorption and thus reduced the energy

barrier during HER and OER for accelerated OWS kinetics.
Consequently, a low cell voltage of 1.56 V was needed for Ru-
SA/Ti3C2Tx couple to achieve a current density of 10 mA
cm−2 in 0.1 M HClO4 solution.
Besides metals/RuO2-based bifunctional electrocatalysts,

Mu and collaborators recently found that the laminar Ru/
RuS2 is also active for acidic HER and OER due to interfacial
charge rearrangement and boosted electron conduction.332

Such e�ects balanced the sorption of key intermediates over
electron-deficient Ru atoms, leading to reduced energy
barriers. Notably, the Ru/RuS2 couple demonstrated a
significantly low cell voltage of 1.501 V at 10 mA cm−2 in
0.5 M H2SO4.
It is worth noting that most reported water splitting

electrocatalysts are crystalline materials, amorphous counter-
parts have been overlooked. It is believed that the amorphous
materials with disordered structures possess numerous
dangling bonds and defects, providing a wealth of highly
active sites which are beneficial for electrocatalytic applications.
Furthermore, their anisotropy imparts high corrosion resist-

Figure 23. (a) Structural formation energy variation trend with related to the Lame ́ parameters for describing the bulk lattice distortion induced
strain e�ect, and the Te−Te bond formation. (b) PDOSs comparison between amorphous and crystalline RuTe2. (c) Site-dependent PDOSs
variation of Te-5p band. (d) Schematic for the illustration of the amorphous RuTe2 boosting OER performance via highly e%cient electron-transfer
site-independently. (e, f) HAADF-STEM images and (g) XRD pattern of a-RuTe2 PNRs. LSV curves of a-RuTe2 PNRs, c-RuTe2 PNRs, and
controls for (h) OER and (i) HER in 0.5 M H2SO4. (j) LSV curves of a-RuTe2 PNRs couple and Ir/C||Pt/C in 0.5 M H2SO4. Reproduced with
permission from ref 333 under the terms of a CC-BY 4.0 license. Copyright 2019 The Authors, published by Springer Nature.
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ance.333 In this respect, Huang and coworkers designed and
synthesized bullet-like amorphous RuTe2 porous nanorods (a-
RuTe2 PNRs) for enhanced acidic OWS, harnessing the
intrinsically high activity of amorphous structures.333 In order
to investigate the intrinsic activity of a-RuTe2 PNRs from a
theoretical perspective, the authors first conducted DFT
calculations (Figure 23a−d). Figure 23a exhibited the
structural formation energy as a function of Lame ́ parameter
and it revealed that the formation of Te−Te homopolar bond
facilitates wider-range relaxations toward higher stabilities,
confirming the critical e�ect of p−π coupling on both energetic
performance and electronic activities. Meanwhile, the

projected partial density of states (PDOSs) revealed the
enhanced inter-d-orbital electron-transfer ability among Ru
sites induced by distorted Ru−Te lattice. Also, the Te-5p
occupied from the energy (EV) of −4.5 eV to EF showed more
overlapping with Ru-4d for amorphous RuTe2 relative to
crystalline counterpart, indicative of the enhanced p−d
coupled electron-exchange and thus antioxidation for the
former (Figure 23b). Furthermore, site-dependent PDOSs
analysis of Te-5p band suggested that the decreased bonding
and antibonding splitting of Te-5p band in the surface region
with lower coordination number results in gradually active and
more overlapped with Ru-4d (Figure 23c). Such e�ects were

Figure 24. (a) Schematic for the preparation of Ir/GF. (b) SEM image of the Ir/GF. (c) CV curve of the Ir/GF. (d) LSV curves of Ir/GF couple
and Pt/CC||Ir/CC couple. Reproduced with permission from ref 344. Copyright 2017 Elsevier. (e) Bright-field HRSTEM image and the
corresponding FFT of the selected area in the yellow square (inset). (f) High-resolution XPS Ir 4f spectra. (g) The k3-weighted FT-EXAFS spectra
of Ir-NSG and metallic Ir. (h) LSV curves of Ir-NSG|| Ir-NSG and Pt/C||Ir/C couple. Inset shows the corresponding chronopotentiometric curves
at 10 mA cm−2. (i) Comparison of HBE for Ir-NSG and Pt/C in a full range of pH. (j) DFT calculation of the predicted free-energy diagrams for
OER at U = 1.23 V on IrS*, IrN*, and IrC* sites. The balls in gray, blue, yellow, pink, red, orange, and cyan represent C, N, S, H, O, Ir, and Pt
atoms, respectively. Reproduced with permission from ref 348 under the terms of a CC-BY 4.0 license. Copyright 2020 The Authors, published by
Springer Nature.
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believed to facilitate the overlapping between p−π orbital of
H2O and Te-5p band and thus a strong p−π coupling to
activate the H2O molecule for e%cient splitting. Subsequently,
the authors calculated the free energies of acidic OER
pathways on the amorphous RuTe2 surface and found the
facilitated water splitting and secondary dehydrogenation,
favoring the critical HOO* formation step. Specifically, as
shown in Figure 23d, the surface distortion-strain e�ect of
amorphous RuTe2 sensitized the Te−pπ coupling and
annihilated the crystal-field splitting e�ect of Ru for highly
active intra- and interorbital electron transfer, collectively
leading to improved OER activity. To experimentally confirm
these theoretical predictions, the a-RuTe2 PNRs were
synthesized via a hydrothermal method, and the amorphous
nature was confirmed by the XRD pattern and atomic-
resolution HAADF-STEM image (Figure 23e−g). Importantly,
electrochemical tests demonstrated the excellent OER and
HER activities of a-RuTe2 PNRs with respective overpotentials
of 245 mV (Figure 23h) and 33 mV (Figure 23i) at 10 mA
cm−2 in 0.5 M H2SO4, much lower than those of highly
crystalline counterpart (c-RuTe2 PNRs). Additionally, the a-
RuTe2 PNRs couple exhibited superior activity for OWS with a
low cell voltage of 1.52 V to achieve 10 mA cm−2, lower than
that of commercial Pt/C and Ir/C couple (Figure 23j).

4.1.2. Ir-Based Electrocatalysts. Compared to Ru-based
materials like RuO2, Ir-based electrocatalysts (e.g., IrO2)
usually possess higher stability in acidic electrolytes,96,334 and
have been explored for acidic OER.335,336 Additionally,
experimental measurements and theoretical calculations
based on the Sabatier principle indicate that Ir is positioned
near the apex of the volcano relationship for acidic HER,7

making it suitable as a bifunctional electrocatalyst for both
HER and OER toward OWS. Note that albeit with higher
stability of Ir-based electrocatalysts relative to Ru-based
counterparts, their OER activity is relatively lower,337−340

and the issue of deactivation still exists especially in harsh
operating conditions.335,341−343 Therefore, rational design of
durable and highly active Ir-based bifunctional electrocatalysts
is crucial for the commercialization of PEMWE. Currently, a
variety of synthetic strategies such as heteroatom doping,
defect engineering, morphology controlling, and heterostruc-
ture constructing have been implemented to obtain various Ir-
based electrocatalysts, including metallic Ir (nanoparticles,
nanoclusters, single atoms,), Ir alloys (bimetallic and
polymetallic), and Ir-based oxides or other compounds for
OWS in acidic solutions.
One common and straightforward approach to enhance the

specific catalytic activity is reducing the particle size. Feng and
coworkers successfully synthesized the low-content Ir nano-

Figure 25. (a) Schematic of the preparation of Ir-SA@Fe@NCNT. (b) TEM image and (c) HAADF-STEM and the related elemental mapping
images of Ir-SA@Fe@NCNT. (d) k3-weighted Ir-L3 edge FT-EXAFS spectra of Ir foil, IrO2, Ir-SA/NC, and Ir-SA@Fe@NCNT. (e) LSV curves of
Ir-SA@Fe@NCNT couple and Pt/C||IrO2 for OWS in 0.5 M H2SO4. (f) Ir-L3 edge XANES spectra of Ir-SA@Fe@NCNT at the initial state and
after potential cycling. Free energy diagrams of (g) OER and (h) HER processes over Fe−Ir and Ir−N models. Reproduced with permission from
ref 353. Copyright 2020 American Chemical Society.
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particles (5.91 wt %) supported on three-dimensional porous
graphite foam (Ir/GF) through high-temperature annealing of
an Ir3+/polyaniline complex on GF (Figure 24a).344 SEM
image (Figure 24b) corroborated the successful formation of Ir
nanoparticles with sizes of 10−56 nm homogeneously
anchored on the surface of GF. CV measurements shown in
Figure 24c revealed multiple redox pairs originated from the
transition of various valence states of Ir species, which
functioned as active sites for acidic OWS. Moreover, the GF
served as the current collector, providing good conductivity
and excellent resistance against oxidative corrosion. Con-
sequently, the resulting Ir/GF (Figure 24d) exhibited out-
standing activity, with low overpotentials of approximately 7
and 290 mV for HER and OER at 10 mA cm−2 in acidic
solution, respectively. Furthermore, a cell voltage of only 1.55
V was needed for the Ir/GF couple to a�ord 10 mA cm−2

toward OWS.
In comparison to nanoparticles, nanoclusters with higher

specific surface areas as well as remarkable quantum/surface
geometry e�ect and unique electronic properties are also
promising for electrocatalytic applications.345−347 Liu and
colleagues reported a bifunctional water splitting electro-
catalyst named as uniformly dispersed Ir nanoclusters
embedded on N,S-doped graphene (Ir-NSG) obtained
through facile pyrolysis of a mixture of melamine, L-cysteine,
and iridium(III) chloride.348 HRSTEM image along with FFT
pattern (Figure 24e) clearly demonstrated the nanoscale
crystal structure of Ir nanoclusters uniformly distributed on
the graphene substrate. High-resolution Ir 4f XPS spectra
(Figure 24f) revealed that the full width at half-maximum of Ir-
NSG is significantly broader than that of IrO2 and Ir/C,
indicating the presence of various valence states of Ir. FT-
EXAFS spectra (Figure 24g) indicated a core−shell-like
structure of the Ir nanoclusters, with the core layer of Ir
atoms bonded through Ir−Ir metal bonds, and the shell layer

of Ir atoms bonded with adjacent N/S atoms. This unique
structure endowed the Ir-NSG exceptional activity and stability
for acidic OWS (Figure 24h). For example, the Ir-NSG couple
exhibited a low cell voltage of 1.42 V to reach 10 mA cm−2,
outperforming the commercial Pt/C and Ir/C benchmark
couple. DFT calculations manifested that the enhanced HER
activity of Ir-NSG can be attributed to the neutral hydrogen
binding energy (HBE) (Figure 24i) and its excellent OER
activity originates from the favorable binding of HO* and
HOO* intermediates with N and S atoms-coordinated Ir sites
(Figure 24j).
Relative to nanoparticles and nanoclusters, single-atom

electrocatalysts feature ultimate atomic utilization e%ciency
and distinctive electronic structure due to unique confinement
within atomic level, exhibiting appealing performance for
OWS.349−352 Cai and collaborators successfully dispersed Ir
single atoms (Ir-SA) in/onto Fe nanoparticles and encapsu-
lated the resulting IrFe into nitrogen-doped carbon nanotubes
(Ir-SA@Fe@NCNT) via a pyrolysis process (Figure 25a).353

Close observation from the TEM image of Ir-SA@Fe@NCNT
revealed the confinement of nanoparticles into NCNT (Figure
25b). Elemental mapping images (Figure 25c) of Ir-SA@Fe@
NCNT revealed the enrichment of Ir-SA within the Fe
nanoparticles and confirmed the confinement configuration of
Ir-SA@Fe. The k3-weighted Ir L3-edge FT-EXAFS spectra
(Figure 25d) excluded the Ir−Ir bonding and suggested the
atomic dispersion of Ir atoms in Ir-SA@Fe@NCNT. Electro-
chemical experiments showed that a cell voltage of only 1.51 V
is needed to achieve 10 mA cm−2 for Ir-SA@Fe@NCNT
couple in 0.5 M H2SO4 toward OWS, lower than that of
commercial Pt/C and RuO2 couple (Figure 25e). The almost
overlapping of Ir-L3 XANES spectra for Ir-SA@Fe@NCNT
before and after potential cycling (Figure 25f) confirmed its
high durability, suggestive of the maintained oxidation state
and coordination environment of Ir-SA. DFT calculations

Figure 26. (a) HAADF-STEM and elemental mapping images of Au@AuIr2/C. (b) High-resolution Ir 4f XPS spectra of Au@AuIr2/C and Ir/C.
(c) k3-weighted Ir L3-edge FT-EXAFS spectra of Au@AuIr2/C and controls. (d) LSV curves of Au@AuIr2/C couple and Pt/C||Ir/C couple for
OWS in 0.5 M H2SO4. Reproduced with permission from ref 354. Copyright 2021 American Chemical Society. (e) TEM and (f) elemental
mapping images of IrNi NFs. (g) H desorption peaks of IrNi NFs, IrCo NFs, Ir NFs, and Ir/C in 0.1 M HClO4. (h) LSV curves of IrNi NFs, Ir/C,
and Pt/C on CFP couples for OWS in 0.5 M H2SO4 before and after 1000 cycles. Reproduced with permission from ref 355. Copyright 2019 John
Wiley and Sons.
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(Figure 25g) revealed that the Ir−Fe sites lower the energy
barrier of RDS (HOO* formation) in OER (2.96 eV) relative
to Ir−N (4.04 eV). Additionally, the ΔGH* over Ir−Fe sites
(−0.05 eV) was calculated to be closer to the ideal value for
acidic HER (0 eV) than those over Ir−N (−0.15 eV) and Pt
(−0.10 eV) as shown in Figure 25h, implying a more moderate
hydrogen sorption and thus improved HER. These DFT
calculations matched well with their electrochemical results.
Besides downsizing Ir metals, alloying them with relatively

cheap metals is also e�ective to reduce the cost, plus tuning the
electronic structure of the resulting materials with improved
electrocatalytic activity. With this consideration, Cao and
coworkers synthesized a core−shell Au@AuIr2 nanoparticles
with Au as the core and AuIr2 alloy as the shell using a one-pot
method.354 HAADF-STEM and the corresponding elemental
mapping images of Au@AuIr2 (Figure 26a) clearly indicated
the core−shell structure with Au in the core region and Ir in
the shell layer. High-resolution Ir 4f XPS spectra (Figure 26b)
revealed the presence of metallic Ir and IrOx in Au@AuIr2, and
the redshift of Ir peaks relative to Ir/C, suggesting electron
transfer from Au to Ir. The k3-weighted Ir L3-edge FT-EXAFS
spectra of Au@AuIr2 (Figure 26c) showed the existence of Ir−
O, Ir−Ir, and Ir−Au, indicative of strong electronic coupling
between Au and Ir again. Benefiting from the above unique
structure, the Au@AuIr2 couple achieved 10 mA cm−2 at a
significantly low voltage of 1.55 V for OWS in 0.5 M H2SO4,
80 mV lower than that of commercial Pt/C and Ir/C couple
(Figure 26d). Similarly, Guo and collaborators alloyed
nonprecious Ni and Co metals into Ir to obtain 3D
nanoflower-like IrNi and IrCo alloys (IrNi and IrCo
NFs).355 For example, TEM (Figure 26e) and elemental
mapping images (Figure 26f) of IrNi NFs collectively certified

the nanoflower-like alloy structures with uniform distribution
of Ir and Ni. Considering the key role of hydrogen binding
energy (HBE), the authors conducted CV to detect the
position of under potential deposited H for IrNi NFs, IrCo
NFs, Ir NFs, and Ir/C control. As shown in Figure 26g, the
potentials of H desorption peaks for the electrocatalysts
followed the order of Ir/C ≈ Ir NFs > IrCo NFs > IrNi NFs,
suggesting the gradually weakened H binding on Ir, which was
expected to improve the HER activity in acidic media. To
achieve 10 mA cm−2 for acidic OWS (0.5 M H2SO4), the
couple of IrNi NFs deposited on carbon fiber paper (IrNi NFs-
CFP) required a low cell voltage of 1.60 V (Figure 26h), much
lower than that of commercial Pt/C and Ir/C couple (1.68 V).
Besides Ir-based binary alloys, multicomponent high-entropy
alloy of nanoporous AlNiCoIrMo with low Ir content was also
reported by Qiu and coworkers, which required a cell voltage
of only 1.505 V to reach 10 mA cm−2.356

In addition to designing metallic Ir-based bifunctional
electrocatalysts, numerous studies have explored iridium
oxide-based materials for acidic OWS as well. For instance,
Barman’s group successfully synthesized a 3D hierarchically
porous iridium oxide/nitrogen-doped carbon hybrid (3D-
IrO2/N@C), with remarkable bifunctional activities for both
HER and OER in acidic solution.357 SEM image (Figure 27a)
of 3D-IrO2/N@C clearly demonstrated the porous structure
and well-dispersion of IrO2 nanoparticles within the 3D porous
N@C network. The resulting 3D-IrO2/N@C bifunctional
electrocatalyst exhibited excellent OER and HER activities in
0.5 M HClO4 (Figure 27b,c), with overpotentials of 280 and
35 mV to reach 10 mA cm−2, respectively. Such outstanding
activity of 3D-IrO2/N@C was attributed to the unique
hierarchical porosity for facilitated mass transfer, the large

Figure 27. (a) SEM image of 3D-IrO2/N@C. LSV curves of 3D-IrO2/N@C, comm. IrO2, comm. Pt/C, N@C, and Ti foil for (b) OER and (c)
HER in 0.5 M HClO4. Reproduced with permission from ref 357. Copyright 2020 Elsevier. (d) Structure schematic of quasi-2D Sr2IrO4 and 3D
SrIrO3. (e) XRD pattern of SrIrO-1100. (f) LSV curves for SrIrO-1100 couple and Pt/C||IrO2 couple in 0.5 M H2SO4. Reproduced with
permission from ref 361. Copyright 2021 Elsevier.
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active surface area for enhanced interaction between active
sites and reactants, and the synergistic e�ect between IrO2 and
N-doped carbon. Moreover, multimetal mixed oxides with
even higher activity compared to individual metal Ir or IrO2

have been reported recently.358−360 For instance, Cho and
collaborators prepared a novel Ir-based electrocatalyst of
laminar Sr2IrO4-modified 6H phase SrIrO3 (SrIrO-1100), as
depicted in Figure 27d.361 XRD pattern (Figure 27e)
confirmed the copresence of both quasi-2D Sr2IrO4 and 3D
6H-SrIrO3 phases, indicating the combination of quasi-2D and
3D Ir-based perovskites. The authors found that the 2D
lamellar structure allows Sr leaching during electrocatalytic
processes without deconstructing the structural integrity of the
in-plane IrO6 framework, and the corner/face-shared IrO6

octahedral dimers in 3D 6H-SrIrO3 phase serve as active
centers. Consequently, the SrIrO-1100 couple demonstrated a
low cell voltage of 1.50 V at 10 mA cm−2 (Figure 27f), in sharp
contrast to that of Pt/C and IrO2 couple (1.59 V).
Apart from single metallic Ir, Ir alloys, and Ir oxides, Ir

nonoxides have garnered significant research interest in the
field of water electrolysis. Wang and coworkers prepared
hierarchical IrTe nanotubes (NTs) with assembled nanosheets

through a substitution reaction between Te nanowires and Ir
precursors (Figure 28a).362 High-resolution Ir 4f XPS spectra
(Figure 28b) of IrTe NTs showed a negative shift of binding
energy due to the introduction of Te elements, suggesting
strong electronic coupling between Ir and Te. Benefiting from
the unique hollow structure and nanosheet assemblies as well
as electronic e�ects, the resulting IrTe NTs can act as
bifunctional electrocatalysts for both OER and HER in 0.5 M
H2SO4, requiring a cell voltage of 1.53 V to drive 10 mA cm

−2

(Figure 28c). Zeng and coworkers developed a lithium-
intercalated iridium diselenide (Li-IrSe2) through chemical
intercalation, demonstrating exceptional OWS activity under
acidic conditions.363 SEM and TEM images (Figure 28d,e)
revealed that the Li-IrSe2 (Figure 28e) maintains the particle
morphology of pristine IrSe2 (Figure 28d) while it exhibits a
rough and cracked surface. HAADF-STEM image of Li-IrSe2
(Figure 28f) along the [010] zone axis indicated the absence of
a portion of Se anion on the near surface owing to the lithium
intercalation. Thanks to the high porosity, large surface area,
and Se vacancies, the Li-IrSe2 required a low voltage of 1.44 V
to achieve 10 mA cm−2 in 0.5 M H2SO4 (Figure 28g). Similar
investigations were conducted by Huang and coworkers: a

Figure 28. (a) Schematic of the preparation of IrTe NTs. (b) High-resolution Ir 4f XPS spectra of IrTe NTs and Ir NSs. (c) LSV curves of IrTe
NTs couple and Pt/C∥IrO2 couple for OWS in 0.5 M H2SO4. Reproduced with permission from ref 362. Copyright 2021 Royal Society of
Chemistry. SEM and TEM images of (d) IrSe2 and (e) Li-IrSe2. (f) HAADF-STEM image and corresponding structure of Li-IrSe2. (g) LSV curves
of Li-IrSe2 couple for OWS. Reproduced with permission from ref 363. Copyright 2019 John Wiley and Sons. (h) Schematic single-crystal structure
of IrSe2 and BiIr4Se8. (i) LSV curves of BiIr4Se8 couple and Pt/C||RuO2 couple for OWS in 0.5 M H2SO4. The inset showed the symmetrical
electrolyzer. Reproduced with permission from ref 364 under the terms of a CC-BY 4.0 license. Copyright 2021 The Authors, published by John
Wiley and Sons.
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novel bismuth-inserted iridium-based selenide (BiIr4Se8) was
synthesized by them via solid-phase reactions (Figure 28h).364

The unique crystal structure of BiIr4Se8, featuring a smaller
band gap and faster electron transport, enabled its high
bifunctional activity for OWS in 0.5 M H2SO4 with cell
voltages lower than those of commercial Pt/C and IrO2 couple
at current densities exceeding 35 mA cm−2 (Figure 28i).
4.1.3. RuIr-Based Electrocatalysts. As discussed above,

numerous approaches have been reported to synthesize diverse
bifunctional electrocatalysts based on Ru or Ir for acidic overall
water splitting (OWS), with remarkably improved electro-
catalytic performance relative to commercial benchmarks. It is
agreed that Ru-based electrocatalysts commonly show high
activity while mediocre stability under high anodic potential in
acidic conditions,37,323,365,366 Ir-based materials exhibit rela-
tively good corrosion resistance and stability, but low
activity.367−369 Consequently, it is expected to combine Ru

and Ir together to realize high activity and long-term stability
simultaneously for acidic OWS.327,370

Kitagawa and coworkers synthesized a solid-solution Ru−Ir
bifunctional electrocatalyst with a unique nanoscale coral
structure (RuIr-NC).371 TEM image (Figure 29a) showed the
nanosized-coral structure of RuIr-NC with a particle size of 57
± 7 nm and numerous nanosheets. HAADF-STEM images
(Figure 29b,c) further revealed that the lamellar fragments of
RuIr-NC expose a hexagonal atomic arrangement contributed
to (0001) hexagonal closed-packed (hcp) crystal planes. The
coral-like structure with 2D nanosheets assemblies of RuIr-NC
was also verified by the 3D tomographic reconstruction
(Figure 29d). Quantitative analysis (Figure 29e) of the
selected area in Figure 29c indicated that each atomic column
contains approximately 6 to 9 atoms including 1 or 2 Ir atoms
(the arrows), corresponding to a thickness of approximately 3
nm. The unique structure of RuIr-NC contributed to its
excellent OER performance in 0.05 M H2SO4, with an

Figure 29. (a) TEM and (b) HAADF-STEM images of RuIr-NC. (c) Atomic-resolution HAADF-STEM image from the selected area in (b)
showing the extended (0001) plane. (d) 3D tomographic reconstruction of RuIr-NC. (e) Magnified image of the selected area in (c), where the
color bar represented the Gaussian intensity of the electron di�raction located at the column position. (f) Linear composition fitting (LCF) results
using two components, Ru metal and RuO2 in the XANES spectra of RuIr-NC collected by operando tests. (g) HAADF-STEM image of RuIr-NC
under 1.80 V vs RHE in 0.05 M H2SO4. (h) LSV curves of the RuIr-NC couple and Pt/C||IrO2 couple for OWS in 0.05 M H2SO4. Reproduced
with permission from ref 371 under the terms of a CC-BY 4.0 license. Copyright 2021 The Authors, published by Springer Nature.
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overpotential of only 165 mV to a�ord 10 mA cm−2 and robust
stability. Operando XANES analysis suggested the oxidation of
Ru to RuO2 in RuIr-NC with increasing potentials. To
quantitatively evaluate the proportions of the two components,
the authors performed linear combination fitting (LCF), as
shown in Figure 29f. Along with the increased potential, the
oxidation of RuIr-NC was slow with 60% maintenance of
metallic component at 1.80 V vs RHE, in contrast to that for
nanospherical RuIr-NS control (25% maintenance). HAADF-
STEM image (Figure 29g) of RuIr-NC under 1.80 V vs RHE
revealed the preservation of the crystal structure. These results
jointly confirmed the excellent durability of RuIr-NC. Besides
exceptional OER performance, the RuIr-NC also exhibited
comparable HER activity to commercial Pt/C. When served as
a bifunctional electrocatalyst for acidic OWS, the RuIr-NC
couple needed a low cell voltage of 1.485 V to achieve 10 mA
cm−2 (Figure 29h), outperforming the combination of
commercial Pt/C and IrO2. Recently, He and coworkers
successfully synthesized unsupported Ru0.5Ir0.5 alloy nano-
particles (NPs) using a room temperature reduction
method.372 TEM and elemental mapping images confirmed
the uniform distribution of Ru and Ir atoms within the
Ru0.5Ir0.5 NPs with an average particle size of 4 nm. XPS
analysis revealed that the strong electron transfer from Ir to Ru
in Ru0.5Ir0.5 NPs inhibits peroxidation of Ru, accountable for
the improved acidic OWS performance. Electrochemical tests
displayed that Ru0.5Ir0.5 NPs couple requires only a cell voltage
of 1.44 V to achieve 10 mA cm−2 and maintains robust stability
for 400 h in 0.5 M H2SO4.
To further reduce the usage of noble Ru and Ir, and

modulate the electronic structure for boosted acidic OWS,
doping RuIr alloys with nonprecious metals has been reported.
For instance, Qiao and coworkers introduced a Co-doped RuIr

alloy electrocatalyst (Co-RuIr) with improved bifunctionality
for OWS.373 HAADF-STEM and the corresponding elemental
mapping images (Figure 30a) of Co-RuIr demonstrated an
ultrasmall diameter of 2.1 ± 0.1 nm, along with uniform
distribution of Co, Ru, and Ir. In view of the key role of surface
chemical and valence states in electrocatalysis, XPS and
XANES measurements were conducted. Figure 30b and c
showed the high-resolution Ru 3d and Ir 4f XPS spectra of Co-
RuIr and RuIr counterparts after HER. Clearly, Co doping
induced the formation of higher-valence Ru and lower-valence
Ir sites, leading to optimal hydrogen binding toward boosted
HER. Additionally, the O K-edge XANES spectra of Co-RuIr
after OER (Figure 30d) displayed the presence of OI− species,
beneficial to nucleophilic attack by water for promoted OER.
Electrocatalytic OWS experiments utilizing Co-RuIr as both
cathode and anode demonstrated excellent activity, with a low
cell voltage of 1.52 V at 10 mA cm−2 (Figure 30e). The
favorable HER and OER performance of Co-RuIr was
explained by the dual e�ects of Co doping (Figure 30f). For
HER, the charge transfer induced by Co dopant modified the
surface valence state, facilitating appropriate hydrogen
adsorption. For OER, the inevitable leaching of Co led to a
significant increase in OI− species, thereby enhancing OER
activity.
Moreover, extensive investigations into RuIr-based oxides

besides alloys for acidic OER have revealed their potential as
bifunctional electrocatalysts for acidic overall water split-
ting.310,358,374,375 Li and coworkers successfully obtained
nanosized hollow RuIrOx (x > 0) nanonetcages using the
dispersing-etching-holing strategy (Figure 31a).376 HAADF-
STEM images (Figure 31b,c) at di�erent magnifications
illustrated that the RuIrOx nanonetcages comprise intercon-
nected ultrathin nanowires with a substantial number of holes,

Figure 30. (a) HAADF-STEM and elemental mapping images of Co-RuIr. High-resolution (b) Ru 3d and (c) Ir 4f XPS spectra of Co-RuIr and
RuIr electrocatalysts after HER tests. (d) O K-edge XANES spectra of Co-RuIr and RuIr after OER tests. (e) LSV curves of Co-RuIr couple and
Pt/C||RuO2 couple for OWS in 0.1 M HClO4. (f) Schematic of OER and HER mechanisms on Co-RuIr bifunctional electrocatalyst in acidic
media. Reproduced with permission from ref 373. Copyright 2019 John Wiley and Sons.
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beneficial to atomic utilization of Ru and Ir, as confirmed by
the ECSA tests. As shown in Figure 31d, the ECSAs of both
RuOx and RuIrOx nanonetcages were calculated to be
significantly larger than those of Ru/C and Ir/C nanoparticles,
suggestive of increased accessibility of active sites. DFT
calculations unraveled that incorporation of Ir into RuOx

optimizes the hydrogen adsorption over Ru2Ir active sites for
boosted HER (Figure 31e), and reduces the energy barriers of
RDS for improved OER (Figure 31f). Additionally, Ru K-edge
XANES spectra (Figure 31g) of RuIrOx nanonetcages under
di�erent positive potentials indicated that introduction of Ir
prevents peroxidation of Ru and thus enhances the stability
under acidic conditions. Consequently, the cell voltage
required for RuIrOx nanonetcages couple to drive acidic
OWS was as low as 1.45 V at 10 mA cm−2 in 0.5 M H2SO4,
surpassing those for most previously reported bifunctional
electrocatalysts.
Lately, ruthenium−iridium tellurides have been investigated

for acidic OWS as well. Wang and coworkers conducted a
successive galvanic replacement of Te nanowires route to

synthesize ternary RuIrTe nanotubes (NTs), as schematically
shown in Figure 32a.377 TEM image (Figure 32b) of the
resulting RuIrTe NTs revealed a tube-like structure with a
diameter of approximately 20 nm consisting of numerous
surface nanoparticles aggregates. High-resolution Te 3d XPS
spectra (Figure 32c) of RuIrTe NTs demonstrated that the
peaks of Te0 at binding energies of 572.4 and 582.8 eV
gradually diminish upon the sequential introduction of Ru and
Ir, implying the successful galvanic replacement between Te
nanowires and Ru/Ir as well as strong electronic coupling.
Moreover, the redshift of the TeOx peak indicated electron
enrichment within TeOx due to the addition of Ru and Ir
atoms. Compared to RuTe NTs and IrTe NTs controls,
introducing both Ru and Ir resulted in the averaging of binding
energies of Ir and Ru in RuIrTe NTs (Figure 32d,e),
highlighting the strong electronic interactions between Ru
and Ir. These electronic couplings optimized intermediates
binding and benefitted both HER and OER in 0.5 M H2SO4.
For example, to reach a current density of 10 mA cm−2, the
RuIrTe NTs required overpotentials of 29 mV for HER

Figure 31. (a) Schematic of the synthesis of RuIrOx nanonetcages. (b, c) HAADF-STEM images of RuIrOx nanonetcages at di�erent
magnifications. (d) Calculated ECSAs of RuIrOx, and RuOx nanonetcages, as well as commercial Ru/C, and Ir/C nanoparticles. Free energy
profiles for (e) HER on Ru(0001) (black line), Ir(111) (blue line) and Ru2Ir(111) (red line) surfaces at U = 0 eV, and for (f) OER on RuO2(110)
surface (black line), RuIrOx(110) surfaces with Ir (blue line) and Ru (cyan line) as active sites at U = 1.23 eV. The colors of pink, red, gray, and
gold represented H, O, Ir, and Ru atoms. (g) Ru K-edge XANES spectra of RuIrOx nanonetcages measured at di�erent potentials during the OER
process under acidic conditions. Reproduced with permission from ref 376 under the terms of a CC-BY 4.0 license. Copyright 2019 The Authors,
published by Springer Nature.
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(Figure 32f) and 205 mV for OER (Figure 32g), both of which
were lower than those of control samples.
4.1.4. Noble-Metal-Free Electrocatalysts. Compared to

reducing the amounts of noble metals for OWS, it is more
appealing to develop advanced electrocatalysts based on earth-
abundant transition metals or even metal-free materials.37,378

However, nonprecious electrocatalysts usually exhibit worse
electrocatalytic activity and stability relative to Ru/Ir-based
materials.319,379−381 Consequently, the search for high active,
cost-e�ective and durable nonprecious electrocatalysts for
OWS in acidic media remains a significant challenge. Presently,
only a few of noble-metal-free materials, such as nonprecious-
metal sulfides, phosphides, nitrides, borates, etc., have been
investigated for acidic OWS.
Owing to the relatively low cost, 2D layer structure and

unique electronic properties, transition metal disulfides have
triggered extensive interest in electrochemical applications.382

Among them, MoS2, as a typical 2D sulfide, has been explored
for acidic HER,383−385 while its OER activity is extremely
poor.386,387 To address this problem, it is desirable to dope
exotic metals into MoS2. In view of the excellent HER and
OER performance of cobalt-based compounds,388,389 introduc-
ing cobalt species into MoS2 is expected to improve its HER
and OER activity under acidic conditions. Lee and
collaborators synthesized a bifunctional electrocatalyst for
acidic OWS by growing single-atom cobalt-modified MoS2
nanosheets on 3D titanium nitride (TiN) nanorod arrays
(CoSAs-MoS2/TiN NRs, Figure 33a).390 Combined SEM and
TEM images of CoSAs-MoS2/TiN NRs revealed the formation

of a unique hierarchical core/shell nanostructure with TiN
nanorods as the core and ultrathin CoSAs-MoS2 nanosheets as
the shell (Figure 33b,c). EDX pattern inserted in Figure 33b
certified the successful Co doping into MoS2. Close
observation of the shell revealed interlayer distances of 0.65
and 0.274 nm assignable to (002) and (100) planes of MoS2,
respectively (Figure 33d,e). Also, many dark dots contributable
to Co SAs were observed (Figure 33e), confirming the Co
doping again. High-resolution Mo 3d (Figure 33f) and S 2p
(Figure 33g) XPS spectra of CoSAs-MoS2/TiN NRs exhibited
the redshift of binding energies compared to MoS2/TiN NRs,
indicating remarkable electron transfer from CoSAs to MoS2.
These electronic synergies were believed to not only improve
the catalytic behavior through modulation of the electronic
structure but also facilitate e%cient electron transport between
the core−shell components. Consequently, the CoSAs-MoS2/
TiN NRs couple demonstrated decent OWS activity and
stability in 0.5 M H2SO4 (Figure 33h), achieving 10 mA cm

−2

at a cell voltage of 1.7 V and retaining 96.9% of the initial
current after a 30 h chronoamperometry test. Similarly, Zhao
and coworkers prepared vertically aligned Co-doped MoS2
nanosheets on carbon cloth (Co-MoS2@CC) via a facile one-
step hydrothermal method.391 the Co-MoS2@CC required a
cell voltage of 1.55 V to reach 10 mA cm−2 in 0.5 M H2SO4.
The authors ascribed the exceptional performance of Co-
MoS2@CC to the expansion of MoS2 layer spacing through Co
doping which ensured the exposure of more active sites and
accelerated charge transfer during both HER and OER
processes.

Figure 32. (a) Schematic of the preparation of RuIrTe NTs. (b) TEM image of RuIrTe NTs. (c) High-resolution Te 3d XPS spectra of Te NWs,
RuTe NTs, and RuIrTe NTs. (d) High-resolution Ru 3p XPS spectra of RuTe NTs and RuIrTe NTs. (e) High-resolution Ir 4f XPS spectra of IrTe
NTs and RuIrTe NTs. LSV curves of RuIrTe NTs and controls for (f) HER and (g) OER in 0.5 M H2SO4. Reproduced with permission from ref
377. Copyright 2022 Royal Society of Chemistry.
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Given the satisfactory OER activity of CoSx and NiSx,
Kanatzidis and coworkers developed a CoMoNiS-NF-31
bifunctional electrocatalyst consisting of hierarchically coas-
sembled MoS2 and Co9S8 nanosheets on nickel foam-
supported Ni3S2 nanorods arrays through a one-pot hydro-
thermal method (Figure 34a).314 SEM image of CoMoNiS-
NF-31 revealed that Co9S8 and MoS2 nanosheets grow directly
on the Ni3S2 nanorods without any redundant nanosheets
aggregates (Figure 34b). HRTEM images depicted in Figure
34c clearly exhibited the presence of lattices fringes
corresponding to Co9S8, MoS2, and Ni3S2. In comparison to
the high-resolution Co 2p XPS spectra of Co9S8/Ni3S2/NF
control (Figure 34f) and Mo 3d of MoS2/Ni3S2/NF (Figure
34g), the corresponding high-resolution XPS spectra of
CoMoNiS-NF-31 (Figure 34d,e) demonstrated a blueshift of
Co 2p peaks and a redshift of Mo 3d peaks, indicating a strong
interaction between Co9S8 and MoS2. The authors claimed
that the unique hierarchical structure of CoMoNiS-NF-31 can
expose a greater number of active sites, and the interaction
between Co9S8 and MoS2 modifies the adsorption of
intermediates involved in HER and OER toward lowered
energy barriers. Therefore, the CoMoNiS-NF-31 exhibited
improved HER and OER activities relative to the control
samples including Co9S8/Ni3S2/NF, MoS2/Ni3S2/NF, and
Ni3S2/NF in 0.5 M H2SO4, with overpotentials of only 103
(Figure 34h) and 228 mV (Figure 34i) to a�ord 10 mA cm−2,
respectively. Moreover, a cell voltage of 1.45 V was acquired at

10 mA cm−2 for OWS, while the stability needed to be further
improved.
Analogues to sulfides, transition metal phosphides have been

developed as potential electrocatalysts for acidic OWS. Liu and
coworkers developed a 3D metal-vacancy NiAlδP nanowall
arrays through a combination of selective alkali etching and
phosphorization route.392 The unique 3D structure of NiAlδP
exhibited excellent conductivity and large specific surface area,
facilitating e%cient electrolyte contact, and charge/mass
transport. Moreover, the alkali etching process resulted in
the formation of dense surface metal defects, providing
desirable unsaturated coordination sites as catalytic active
centers. Consequently, the resulting NiAlδP couple achieved 10
mA cm−2 at a cell voltage of 1.52 V in 0.5 M H2SO4 for OWS.
Recently, Fu’s group fabricated vanadium-doped CoP2 nano-
wire arrays tightly grown on carbon cloth (V-CoP2/CC) via
hydrothermal followed by phosphorization method (Figure
35a).393 The porous structure and lattice expansion of CoP2
after V doping were confirmed by N2 sorption analysis (Figure
35b) and HRTEM images (Figure 35c,d), respectively.
Furthermore, the introduction of V promoted the formation
of a thicker Co-oxide layer via surface reconstruction of CoP2
during OER (Figure 35e), which enhanced both OER activity
and corrosion resistance in acidic conditions. DFT calculations
(Figure 35f) demonstrated that V doping induces lattice
expansion of CoP2 and thus shifts its d-band center up to EF
for increased hydrogen adsorption at P site, leading to

Figure 33. (a) Schematic of the fabrication of CoSAs-MoS2/TiN NRs. (b) SEM and (c) TEM images with EDX pattern of CoSAs-MoS2/TiN
NRs. (d) HRTEM image of the outer CoSAs-MoS2 nanosheet. Inset in (d): SAED pattern. (e) Atomic-resolution TEM image of the outer CoSAs-
MoS2 nanosheet (CoSAs were highlighted by yellow circles). High-resolution (f) Mo 3d and (g) S 2p XPS spectra of CoSAs-MoS2/TiN NRs and
MoS2/TiN NRs. (h) Chronoamperometric curves of CoSAs-MoS2/TiN NRs couple and Pt/C||RuO2 couple in 0.5 M H2SO4. Inset in (h): LSV
curves of CoSAs-MoS2/TiN NRs couple before and after the chronoamperometric test. Reproduced with permission from ref 390. Copyright 2021
John Wiley and Sons.
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enhanced HER activity. Based on these advantages, the V-
CoP2/CC couple required only 1.47 V to achieve a current
density of 10 mA cm−2 for OWS in 0.5 M H2SO4 (Figure 35g).
In addition, transition metal carbides, borides, and nitrides

were also examined as bifunctional electrocatalysts for acidic
OWS due to their good electrical conductivity, decent acid
resistance, and promising electrocatalytic activity.394,395 Sun
and collaborators fabricated a superaerophobic N-doped WC
(N-WC) nanoarray for e%cient OWS in 0.5 M H2SO4.

396 The
N-WC nanoarray was prepared by hydrothermal and
subsequent chemical vapor deposition techniques (Figure
36a). DFT calculations (Figure 36b) revealed that the d-band
center of W atoms in N-WC(001) is more closer to Pt(111)
compared to that in WC(001), resulting in weaker hydrogen
adsorption on N-WC surface for boosted HER. The adhesion
force (AF) analysis of bubbles and catalyst surfaces (Figure
36c) demonstrated that both the nanostructure and N doping
decrease the AF from 19 μN for non-nanostructured WC, to
12 μN for non-nanostructured N-WC, and 5 μN for WC
nanoarray to <1.2 μN for N-WC nanoarray, indicative of
facilitated bubbles detachment and thus e%cient HER.
Notably, despite its limited stability for acidic OER, N-WC
nanoarray exhibited impressive OER catalytic activity with an

onset potential of only 1.35 V vs RHE in 0.5 M H2SO4, even
lower than those of commercial IrO2 and Ir/C. Surprisingly,
the N-WC couple initiated acidic OWS at approximately 1.4 V.
Transition metal borides have been discovered with eminent

electrocatalytic activity for acidic HER and alkaline
OER,328,397−399 which makes them promising for acidic
OWS. Jiang and collaborators developed a bifunctional
electrocatalyst of FeCoNiB@B-VG by electroless deposition
of FeCoNiB alloy nanoparticles on B-doped vertically aligned
graphene array for acidic HER and OER (Figure 36d).400 The
high conductivity of B-VG and the synergistic e�ect between
FeCoNiB and B-VG collectively improved electrocatalytic
activity of FeCoNiB@B-VG toward both HER and OER in 0.5
M H2SO4. Specifically, the FeCoNiB@B-VG a�orded low
overpotentials of 148 mV and 635 mV at 10 mA cm−2 for HER
and OER, respectively, along with decent stability of about 10
h at 10 mA cm−2 for OWS.
Likewise, in view of the superior HER under all pH and

alkaline OER activity of transition metal nitrides,401,402 several
researchers have studied their acidic OWS performance. For
instance, Wang and coworkers synthesized ultrafine Co4N
nanodots anchored on a nitrogen-doped carbon framework
(Co4N@NC) using a space-restricted strategy.403 The

Figure 34. (a) Schematic of the synthesis and growth of hierarchical CoMoNiS-NF-31. (b) SEM and (c) HRTEM images of CoMoNiS-NF-31.
High-resolution (d) Co 2p, and (e) Mo 3d XPS spectra of CoMoNiS-NF-31. High-resolution (f) Co 2p XPS spectra of Co9S8/Ni3S2/NF control,
and (g) Mo 3d XPS spectra of MoS2/Ni3S2/NF control. LSV curves of CoMoNiS-NF-31 and controls for (h) HER and (i) OER in 0.5 M H2SO4.
Reproduced with permission from ref 314. Copyright 2019 American Chemical Society.
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generated Co−C bonding species at the interface of Co4N@
NC accelerated electron transfer and optimized adsorption/
desorption of the intermediates during acidic OWS. As a result,
the Co4N@NC couple exhibited remarkable electrocatalytic
OWS activity in 0.5 M H2SO4 with a cell voltage of only 1.47 V
to achieve 10 mA cm−2. While the stability can be further
improved, as revealed by the chronoamperometry measure-
ments for only 5 h.
4.1.5. Metal-Free Electrocatalysts. As discussed above,

noble metal-based bifunctional electrocatalysts feature ex-
cellent activity and stability toward acidic OWS, while their
high cost and limited availability hinder the large-scale
commercialization of PEMWE.404,405 The bifunctional electro-
catalysts based on nonprecious metals mostly exhibit
unsatisfactory stability in acidic media, even with relatively
low cost.406,407 In contrast, carbon-based metal-free materials
have triggered tremendous research interest in energy storage
and conversion over the past decade, by virtue of their unique
electronic structure, high conductivity, superior chemical/
mechanical stability, and sustainability.408−410 Lately, Dai and
collaborators explored a class of new metal-free bifunctional
HER/OER electrocatalysts by adsorbing C60 onto single-
walled carbon nanotubes (C60-SWCNT), as schematically

shown in Figure 37a.411 The binding energy of C 1s XPS peak
of C60-SWCNT (Figure 37b) exhibited a gradual redshift with
increasing C60 adsorption time, indicating charge transfer
between SWCNT and C60. This charge transfer mechanism led
to excellent electrocatalytic OWS activity in 0.5 M H2SO4, with
overpotentials of 320 and 400 mV to a�ord 10 mA cm−2 for
HER and OER, respectively.
Additionally, Li and coworkers developed 3D porous

fluorographdiyne networks (p-FGDY/CC) on carbon cloth
as an e%cient metal-free bifunctional electrocatalyst (Figure
37c).412 SEM image (Figure 37d) and contact angle tests
(Figure 37e) confirmed the formation of 3D porous networks
with superhydrophilicity in p-FGDY/CC. The high intensity of
D band in the Raman spectrum (Figure 37f) indicated a high
density of defects, beneficial to increase conductivity and
facilitate mass and charge transfer. Moreover, DFT calculations
(Figure 37g) revealed that the strong C−F bonding in FGDY
induces charge polarization and enhances electron localization
near the C2 site, ensuring higher selectivity for adsorption/
desorption of various O/H-related species (i.e., H2O, O,
OOH, and O2). All these unique morphology and electronic
structures collectively led to improved electrocatalytic activity
of p-FGDY/CC for both HER and OER, with a low cell

Figure 35. (a) Schematic of the synthesis of V-CoP2/CC. (b) N2 sorption isotherms of V-CoP2/CC and CoP2/CC as well as the pore size
distribution (inset). HRTEM images of (c) CoP2/CC and (d) V-CoP2/CC. (e) TEM image of V-CoP2/CC after OER electrocatalysis. (f) DOS of
CoP2 and V-CoP2 with/without hydrogen adsorption and the schematic of the relation between narrowed bandwidth and hydrogen adsorption
strength. (g) LSV curves of V-CoP2/CC couple and Pt/C/CC||RuO2/CC couple in 0.5 M H2SO4 for OWS. Reproduced with permission from ref
393. Copyright 2022 John Wiley and Sons.
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voltage of 1.8 V to achieve 10 mA cm−2 in 0.5 M H2SO4.
Besides the single heteroatom doping, codoping two elements
with higher or lower electronegativity than that of C (χ = 2.55)
including B (χ = 2.04) and N (χ = 3.04) can introduce
synergistic coupling e�ect to further enhance the activity of
underlying carbon-based electrocatalysts.413 Song and cow-
orkers reported the synthesis of B, N codoped carbon
nanosheets (B5/GCS), achieving a cell voltage of 1.45 V at
10 mA cm−2 in 0.5 M H2SO4.

414 The excellent electrocatalytic
performance was attributed to the synergistic e�ect of B, N
codoping and the formation of fragmented nanosheets through
cation-embedded exfoliation. These properties collectively
optimized intermediates adsorption and catalytic kinetics.
Table 4 summarizes the electrocatalytic overall water splitting
(OWS) activities of various bifunctional electrocatalysts in
acidic electrolytes.

4.2. Overall Water Splitting in Alkaline Electrolytes

Compared to PEMWE, the alkaline water electrolysis (AWE)
enables the usage of nonprecious and earth-abundant electro-
catalysts with longer lifetime and lower cost, while the energy
conversion e%ciency for hydrogen generation needs to be

further improved due to the mediocre activities of the
underlying nonprecious electrocatalysts. Therefore, various
nanostructuring strategies have been developed to design and
synthesize high-performance bifunctional electrocatalysts for
alkaline OWS.
4.2.1. Fe-Based Electrocatalysts. Iron, as one of the most

abundant elements on Earth, exhibits diverse redox states and a
rich coordination chemistry.438,439 These properties make it a
promising candidate for electrocatalysis application. Reisner’s
group introduced a bifunctional iron-only material for water
electrolysis, capable of functioning as both an anode and a
cathode in an alkaline electrolyzer. This material maintained a
stable cell voltage of 2.0 V at a current density of 10 mA
cm−2.439 The bifunctional activity of the iron-only electrode
originated from an oxide-supported Fe(0) phase with HER
activity, and an iron oxide-hydroxide (FeOx) phase featuring
OER activity. Remarkably, the active species on the electrode
surface underwent reconstruction transformation between
these phases and regenerated during the switching of the
anode and cathode. This feature enhanced the stability and
longevity of the alkaline electrolyzer system.

Figure 36. (a) Schematic of the synthesis of N-WC nanoarray. (b) DOS of WC(001) and N-WC(001). (c) Bubble adhesion forces on di�erent
electrodes of WC, WC nanoarray, N-WC, and N-WC nanoarray. Reproduced with permission from ref 396 under the terms of a CC-BY 4.0 license.
Copyright 2018 The Authors, published by Springer Nature. (d) Schematic of the preparation of FeCoNiB@B-VG. Reproduced with permission
from ref 400. Copyright 2021 Elsevier.
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Furthermore, extensive research has been dedicated to
exploring iron-based inorganic compounds, such as hydroxides,
sulfides, phosphides, carbides, and others, as bifunctional
electrocatalysts for alkaline OWS. Zhang and coworkers
presented a wet chemical method to grow ultrathin iron−
oxygen hydrate nanosheets with abundant iron vacancies on
nickel foam (δ-FeOOH NSs/NF).440 Low-magnified SEM
image (Figure 38a) illustrated the dense networked architec-
ture of δ-FeOOH NSs uniformly grown on NF, benefiting the
exposure of catalytic active sites and enhancing mechanical
stability. HRTEM image (Figure 38b) revealed the presence of
defects and lattice distortions in δ-FeOOH NSs/NF, beneficial
to accelerated mass and charge transfer. Moreover, in a two-
electrode system, δ-FeOOH NSs/NF couple exhibited
remarkable performance for OWS in 1.0 M KOH, achieving
a low cell voltage of only 1.62 V at a current density of 10 mA
cm−2 with negligible activity decay over 60 h continuous
electrolysis at an overpotential of 500 mV (Figure 38c). DFT
calculations (Figure 38d−f) conducted by the authors
indicated that the abundant Fe vacancies (VFe) activate their
second neighbored Fe atoms (Fe2) with optimal hydrogen
adsorption for improved HER (Figure 38d) and enhance the
binding with O* intermediates with reduced theoretical OER
overpotential of 0.46 V relative to that of bare δ-FeOOH NSs

(0.57 V) for boosted OER (Figure 38e,f). The authors also
noted that the activation of Fe sites next to VFe (denoted as
Fe1) is not as good as that for Fe2.
During electrocatalytic OWS, especially in the OER, the

transformation of an electrocatalyst to form new active species
known as electrochemical reconstruction is a common
phenomenon, as discussed in the Section 3. Zhang and
collaborators synthesized mackinawite FeS nanosheets grown
on iron foam (FeS/IF) as an e%cient bifunctional pre-
electrocatalyst for alkaline OWS (Figure 39a).441 In the HER
tests, the surface FeS nanosheets (Figure 39b) of inactive FeS/
IF were transformed to catalytically active Fe@FeOxSy
nanoparticles in situ (Figure 39c). By contrast, during the
OER test, the FeS nanosheets were entirely converted to
porous and amorphous FeOx films (Figure 39d). When utilized
as cathode and anode in a two-electrode system for OWS, this
unique material exhibited superior activity (1.65 V at 10 mA
cm−2 in 1.0 M KOH) compared to commercial Pt/C and IrO2

benchmark couple, due to the synergistic e�ect of the binary
nonmetallic materials and the e�ective modulation of the OER
by the anode film.
Furthermore, iron-based phosphides have garnered signifi-

cant attention in electrocatalytic water splitting due to their
unique electronic properties.28,442 Driess and colleagues

Figure 37. (a) Illustration of charge-transfer process and OER/HER on C60-SWCNTs. (b) High-resolution C 1s XPS spectra of C60-SWCNTn (n =
0, 5, 10, and 15 min). Reproduced with permission from ref 411. Copyright 2019 American Chemical Society. (c) Structural schematic of FGDY
and photograph of the p-FGDY/CC material. (d) SEM image of p-FGDY/CC. (e) Contact angle measurements of p-FGDY/CC. (f) Raman
spectrum of p-FGDY/CC. (g) Real spatial contour plots of bonding and antibonding orbitals near EF of pristine FGDY, hydrogen adsorption on
FGDY, and initial H2O adsorption on FGDY. Reproduced with permission from ref 412. Copyright 2019 John Wiley and Sons.
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Table 4. Summary of Bifunctional Electrocatalysts for Overall Water Splitting (OWS) in Acidic Electrolytes

Electrocatalysts Electrolyte Application η10 and E10 Ref

SS Pt-RuO2 HNSs 0.5 M H2SO4 HER 26 mV 5

OER 228 mV

OWS 1.49 V

MoS2/Co9S8/Ni3S2/Ni 0.5 M H2SO4 HER 103 mV 314

OER 228 mV

OWS 1.45 V

Ru@V-RuO2/C HMS 0.5 M H2SO4 HER 47 mV 330

OER 176 mV

OWS 1.467 V

Ru-SA/Ti3C2Tx 0.1 M HClO4 HER 70 mV 331

OER 290 mV

OWS 1.56 V

Ru/RuS2
heterostructure

0.5 M H2SO4 HER 45 mV 332

OER 201 mV

OWS 1.501 V

a-RuTe2 PNRs 0.5 M H2SO4 HER 33 mV 333

OER 245 mV

OWS 1.52 V

Ir/GF 0.5 M H2SO4 HER 7 mV 344

OER 290 mV

OWS 1.55 V

Ir-NSG 0.1 M HClO4 HER 17 mV 348

OER 265 mV

OWS 1.42 V

Ir-SA@Fe@NCNT 0.5 M H2SO4 HER 26 mV 353

OER 250 mV

OWS 1.51 V

Au@AuIr2 0.5 M H2SO4 HER 29 mV 354

OER 261 mV

OWS 1.55 V

IrNi NFs 0.1 M HClO4 HER 25 mV 355

OER 293 mV

OWS 1.6 V

AlNiCoIrMo np-HEA 0.5 M H2SO4 HER 18.5 mV 356

OER 233 mV

OWS 1.505 V

3D-IrO2/N@C 0.5 M HClO4 HER 35 mV 357

OER 280 mV

OWS 1.55 V

SrIrO 0.5 M H2SO4 HER 18.2 mV 361

OER 245 mV

OWS 1.50 V

IrTe NTs 0.5 M H2SO4 HER 36 mV 362

OER 271 mV

OWS 1.53 V

Li-IrSe2 0.5 M H2SO4 HER 55 mV 363

OER 180 mV

OWS 1.44 V

BiIr4Se8 0.5 M H2SO4 HER 85 mV 364

OER 379 mV

OWS 1.56 V

RuIr-NC 0.05 M
H2SO4

HER 46 mV 371

OER 165 mV

OWS 1.485 V

Ru0.5Ir0.5 NPs 0.5 M H2SO4 HER 4 mV 372

OER 160 mV

OWS 1.44 V

Co-RuIr 0.1 M HClO4 HER 14 mV 373

OER 235 mV

OWS 1.52 V

RuIrOx 0.5 M H2SO4 HER 12 mV 376

Electrocatalysts Electrolyte Application η10 and E10 Ref

OER 233 mV

OWS 1.45 V

RuIrTe NTs 0.5 M H2SO4 HER 29 mV 377

OER 205 mV

OWS 1.511 V

CoSAs-MoS2/TiN NRs 0.5 M H2SO4 HER 187.5 mV 390

OER 454.9 mV

OWS 1.7 V

Co-MoS2@CC 0.5 M H2SO4 HER 130 mV 391

OER 201 mV

OWS 1.55 V

NiAlδP 0.5 M H2SO4 HER 35 mV 392

OER 256 mV

OWS 1.52 V

V-CoP2 0.5 M H2SO4 HER 50 mV 393

OER 91 mV

OWS 1.47 V

FeCoNiB@B-VG 0.5 M H2SO4 HER 148 mV 400

OER 635 mV

Co4N@NC 0.5 M H2SO4 HER 55 mV 403

OER 110 mV

OWS 1.47 V

C60-SWCNT 0.5 M H2SO4 HER 320 mV 411

OER 400 mV

p-FGDY/CC 0.5 M H2SO4 HER 92 mV 412

OER 570 mV

OWS 1.8 V

B5/GCS 0.5 M H2SO4 HER 52 mV 414

OER 170 mV

OWS 1.45 V

RuCu NSs/C 0.5 M H2SO4 HER 19 mV 415

OER 236 mV

OWS 1.49 V

Ru0.85Zn0.15O2‑δ 0.5 M H2SO4 HER 33 mV 416

OER 190 mV

OWS 1.50 V

RuO2/Co3O4-
RuCo@NC

0.5 M H2SO4 HER 141 mV 417

OER 247 mV

OWS 1.66 V

NiRu@MWCNTs 0.5 M H2SO4 HER 61 mV 418

OER 430 mV

OWS 1.56 V

RuCo@CDs 0.5 M H2SO4 HER 51 mV 419

OER 190 mV

OWS 1.49 V

RuB2 0.5 M H2SO4 HER 52 mV 420

OER 223 mV

OWS 1.525 V

hollow Pt/NiO/RuO2 0.1 M HClO4 HER 29.6 mV 421

OER 239 mV

OWS 1.524 V

Mn-Ru/RuO2@CNT 0.5 M H2SO4 HER 30 mV 422

OER 177 mV

OWS 1.43 V

La-RuO2 0.5 M H2SO4 HER 71 mV 423

OER 208 mV

OWS 1.53 V

Ru@MoO(S)3 0.5 M H2SO4 HER 63 mV 424

OER 226 mV

OWS 1.522 V

Ru-30 aerogel 0.5 M H2SO4 HER 24 mV 425
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successfully transformed molecular iron phosphide precursors
(Figure 39e) to monodispersed, ultrasmall, and highly active
iron phosphide (FeP) nanoparticles for alkaline OWS.443 By
converting a diiron triphosphide complex to FeP nanoparticles

under oleylamine thermal injection conditions, the FeP
nanocrystals were obtained with an orthorhombic space
group Pna21 and stacked along [100], as depicted in Figure
39f. Selected area electron di�raction (SAED) pattern (Figure

Table 4. continued

Electrocatalysts Electrolyte Application η10 and E10 Ref

OER 181 mV

OWS 1.468 V

5%Pt-Ru ONAs 0.5 M H2SO4 HER 31 mV 426

OER 227 mV

OWS 1.486 V

Ru-RuO2-NC 0.5 M H2SO4 HER 112 mV 427

OER 176 mV

OWS 1.55 V

Ru/Mo2C 0.5 M H2SO4 HER 40 mV 428

OER 215 mV

OWS 1.51 V

Ir-NCT/CC 0.1 M HClO4 HER 9 mV 429

OER 202 mV

OWS 1.469 V

Ir@Ni-NDC 0.5 M H2SO4 HER 41 mV 430

OER 219 mV

OWS 1.54 V

PdCu/Ir 0.1 M HClO4 HER 20 mV 431

OER 283 mV

Electrocatalysts Electrolyte Application η10 and E10 Ref

OWS 1.583 V

Ir-modified BP 0.5 M H2SO4 HER 25 mV 432

OER 290 mV

OWS 1.54 V

Mo-Ni-P 0.5 M H2SO4 HER 58 mV 433

OER 291 mV

Mo-Co9S8@C 0.5 M H2SO4 HER 98 mV 434

OER 370 mV

OWS 1.68 V

Mn-FeP/Co3(PO4)2 0.5 M H2SO4 HER 27 mV 435

OER 390 mV

OWS 1.75 V

Co3S4@MoS2@20TiP-
CP

0.5 M H2SO4 HER 110 mV 436

OER 247 mV

OWS 1.41 V

CoMnP/Ni2P/NF 0.5 M H2SO4 HER 84 mV 437

OER 165 mV

OWS 1.43 V

Figure 38. (a) SEM and (b) HRTEM images of δ-FeOOH NSs/NF. (c) LSV curves of δ-FeOOH NSs/NF couple for OWS in 1.0 M KOH before
and after stability test for 60 h. (d) Free energy diagrams of the HER process on the O and Fe in δ-FeOOH NSs without VFe (marked as δ-
FeOOH(001)) and the O neighboring to VFe and the second neighboring Fe to VFe (Fe2) in δ-FeOOH NSs with VFe (marked as VFe). (e) Free
energy diagram of the OER processes on the δ-FeOOH(001), and Fe1 and Fe2 sites on δ-FeOOH(001) NSs with VFe. Fe1 indicated the first
neighboring Fe to VFe. (f) Primitive steps of the OER process on the surface of δ-FeOOH NSs with VFe (top view). The Roman numerals
represented (i) adsorption step, (ii, iii) dissociation steps, and (iv) desorption step during the OER process. Brown: Fe; red: O. Reproduced with
permission from ref 440. Copyright 2018 John Wiley and Sons.
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39g) from the corresponding TEM image exhibited character-
istic rings of phase-purified FeP. Electrocatalytic OWS
measurements employing FeP as a bifunctional electrocatalyst
in 1.0 M KOH, demonstrated a low cell voltage of merely 1.59
V at 10 mA cm−2 along with long-term stability at 1.6 V for 14
days (Figure 39h). The exceptional OER activity of FeP was
attributed to in situ formed anionic vacancies and amorphous
Fe-rich shells (Fe(OH)2/FeOOH species) over ultrasmall and
monodispersed FeP nanocrystals through the oxidation
process, and its superior HER activity stemmed from the
electronegativity of the phosphorus (P) atom, which reduced
the electron density of iron (Fe) and created active sites.
Moreover, the metallic nature of FeP was believed to facilitate
e%cient charge transfer during electrocatalysis processes.

From a commercial standpoint, the direct utilization of
stainless steel (SS) can e�ectively reduce costs. Wang and
coworkers treated the oxidized and etched SS surface with CH4

plasma (OESSC), resulting in the formation of amorphous
carbon layers and graphene-coated Fe3C nanoparticles (Figure
39i).444 As observed in the TEM images at di�erent
magnifications (Figure 39j), the OESSC surface exhibited
numerous Fe3C nanoparticles encapsulated by carbons, with
lattice spacings of about 0.20 and 0.34 nm, respectively. When
employed as bifunctional electrocatalysts for alkaline OWS in
1.0 M KOH, the OESSC couple exhibited a cell voltage of 1.74
V at 10 mA cm−2, surpassing the SS couple. This superior
performance was ascribed to the defect-rich amorphous carbon
layers and carbides (Fe3C) obtained through CH4 plasma

Figure 39. (a) Schematic of a FeS/IF pre-electrocatalyst for generating active electrocatalysts toward both HER and OER. SEM images of (b) fresh
FeS/IF, (c) post-HER FeS/IF, and (d) post-OER FeS/IF. Reproduced with permission from ref 441. Copyright 2018 Elsevier. (e) Structure of
molecular iron phosphide precursors. Hydrogen atoms were omitted for clarity. (f) Crystal structure of FeP with the orthorhombic space group
Pna21 (shown along [100]; the unit cell is shown in red). (g) SAED pattern of FeP. (h) LSV curves of FeP and NF couples for OWS in 1.0 M
KOH. Inset: the stability tests of FeP couple at 1.6 V. Reproduced with permission from ref 443 under the terms of a CC-BY 4.0 license. Copyright
2018 The Authors, published by Royal Society of Chemistry. (i) Schematic of the fabrication of OESSC. (j) TEM images of OESSC at low (left)
and high magnifications (middle), and schematic of Fe3C@G (right). Reproduced with permission from ref 444. Copyright 2019 Elsevier. (k)
Schematic of the synthesis of Fe−N4 SAs/NPC. (l) k

3-weighted Fe K-edge FT-EXAFS spectra of Fe−N4 SAs/NPC and controls. Inset: Fe atomic
structure model; C gold, N silver, and Fe orange. (m) LSV curve of the Fe−N4 SAs/NPC couple for OWS in 1.0 M KOH. Inset:
chronopotentiometric curve at di�erent current densities. Reproduced with permission from ref 445. Copyright 2018 John Wiley and Sons.
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treatment, which resulted in the increase of active sites and
tailored electronic structure.
To improve the metal utilization, nitrogen-coordinated

single atom Fe electrocatalysts have been developed and
explored for alkaline OWS. Chen and coworkers reported a
polymerization-pyrolysis-evaporation (PPE) strategy to syn-
thesize N-doped porous carbon-anchored Fe−N4 active sites
with atomic dispersion (Fe−N4 SAs/NPC), as schematically
depicted in Figure 39k.445 The k3-weighted FT-EXAFS analysis
of Fe−N4 SAs/NPC (Figure 39l) revealed the presence of Fe−
N bonding with a coordination number of 4, and without the
Fe−Fe coordination, confirming the atomic dispersion of Fe−
N4 active sites. Thanks to the synergistic e�ect between the
atomic Fe−N4 sites and porous conductive carbon network,
the resulting Fe−N4 SAs/NPC couple exhibited remarkable
OWS activity and stability in 1.0 M KOH, as confirmed by a
low cell voltage of only 1.67 V at 10 mA cm−2 and stable
voltage outputs at various current densities for 23 h (Figure
39m).
4.2.2. Co-Based Electrocatalysts. Cobalt-based materials

have emerged as promising alternatives to precious metals,
owing to their abundant sources, low cost, and high catalytic
activity.446,447 To date, significant research e�orts have been
dedicated to the advancement of cobalt-based inorganic
compounds, encompassing oxides, sulfides, phosphides,
nitrides, etc., as bifunctional electrocatalysts for alkaline OWS.
Based on previous studies, cobalt oxides have demonstrated

high electrocatalytic activity for OER in alkaline solu-
tions.448,449 Moreover, cobalt-based materials with low energy
barriers for hydrogen (H) adsorption have shown great
potential for HER.450 Wang’s group developed cobalt−cobalt
oxide/N-doped carbon hybrids (CoOx@CN) composed of
Co0, CoO, and Co3O4 using a one-pot annealing method for
alkaline OWS in 1.0 M KOH.451 The exceptional HER
performance of CoOx@CN was attributed to the high
electrical conductivity of carbon, the synergistic e�ect between
metallic cobalt and cobalt oxide, the stability provided by
carbon-encapsulated cobalt nanoparticles, and the introduction
of electron-rich nitrogen. Additionally, the enhanced electro-
catalytic activity of R-CoOx@CN (CoOx@CN after 30 min of
HER) for OER was attributed to the increased Co2+ content
compared to CoOx@CN. When employed in OWS, the
CoOx@CN couple achieved a current density of 20 mA cm−2

at 1.55 V. Furthermore, easily obtainable cobalt hydroxide has
garnered significant attention due to its layered structure,
which provides a large surface area to facilitate the accessibility
of active sites.452,453 Liu and coworkers fabricated ultrathin α-
Co(OH)2 nanosheets on a combined substrate of N-doped
carbon nanotubes (NCNT) and nickel foam (Co(OH)2@
NCNTs@NF) using chemical vapor deposition and electro-
deposition techniques.454 The unique structure of Co(OH)2@
NCNTs@NF enhanced the accessibility of active sites,
facilitated mass and charge transfer, and prevented nanosheet
agglomeration. Consequently, the Co(OH)2@NCNTs@NF
exhibited overpotentials of 170 mV for HER and 270 mV for
OER at 10 mA cm−2 in 1.0 M KOH. Moreover, a low cell
voltage of 1.72 V was enough to achieve 10 mA cm−2 for OWS.
Moreover, cobalt sulfides have garnered significant attention

as well for various electrocatalysis applications.455 Luo and
collaborators utilized a gas phase growth method to transform
a self-sacrificing template into a well-aligned metal−organic
framework (MOF) and subsequently obtained the Co3S4/EC-
MOF hybrid with echinops-like morphology (Figure 40a).456

SEM and HRTEM images (Figure 40b,c) of Co3S4/EC-MOF
confirmed the successful formation of echinops-like structures
and Co3S4. The highly divergent structure of well-aligned
hollow nanorod arrays was expected to facilitate the exposure
of active sites and mass/charge transfer. Moreover, the
generation of Co3S4 species not only improved the low
conductivity of the MOF but also provided additional active
centers. As a result, the Co3S4/EC-MOF exhibited remarkable
performance for HER and OER, achieving 10 mA cm−2 for
OWS with a cell voltage of only 1.55 V in 1.0 M KOH (Figure
40d). In another study, Wu and colleagues synthesized N-, O-,
and S-tridoped carbon-encapsulated Co9S8 (Co9S8@NOSC)
by pyrolyzing solid precursors containing sulfur and Co(II)-
containing polypyrrole (Figure 40e).457 Benefiting from the
synergistic e�ect between the heteroatom-doped carbon layer
and the Co9S8 core, the resulting Co9S8@NOSC couple
achieved a current density of 10 mA cm−2 at 1.60 V for OWS
in 1.0 M KOH. Similarly, Chen and coworkers reported the
synthesis of nitrogen and sulfur codoped reduced graphene
oxide composites with Co9S8 (NS/rGO-Co) by annealing the
graphene oxide (GO) nanosheets containing Co(NO3)2 and
thiourea in NH3 (Figure 40f).458 The synergistic e�ect
between N,S codoped rGO and Co9S8 nanoparticles resulted
in excellent activity of NS/rGO-Co for OWS under alkaline
conditions (1.0 M KOH).
Transition metal phosphides are a significant class of

compounds known for their high conductivity and chemical

Figure 40. (a) Schematic of the preparation of Co3S4/EC-MOF. (b)
SEM and (c) HRTEM images of Co3S4/EC-MOF. (d) LSV curves of
Co3S4/EC-MOF couple and Pt/C||IrO2 couple for OWS in 1.0 M
KOH. Reproduced with permission from ref 456. Copyright 2018
John Wiley and Sons. (e) Schematic of the synthetic procedures of
Co9S8@NOSC. Reproduced with permission from ref 457. Copyright
2016 John Wiley and Sons. (f) Schematic of the preparation of NS/
rGO-Co. Reproduced with permission from ref 458. Copyright 2017
John Wiley and Sons.
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stability. Among them, cobalt phosphide has emerged as an
extensively studied bifunctional electrocatalyst for OWS.459,460

Our group has reported the use of electrodeposited Co−P film
on copper foil as a bifunctional electrocatalyst for alkaline
OWS (Figure 41a).266 Notably, the Co−P film exhibited a cell

voltage of 1.744 V to a�ord 100 mA cm−2 for OWS in 1.0 M
KOH (Figure 41b), lower than that for the couple of Pt/C and
IrO2 benchmark. Similarly, Yuan and coworkers fabricated
CoP mesoporous nanorod arrays on conductive nickel foam
(CoP-MNA) via electrodeposition.461 TEM image of CoP-

Figure 41. (a) SEM image of the as-prepared Co−P film. (b) LSV curves of Co−P couple and Pt/C||IrO2 couple for OWS in 1.0 M KOH.
Reproduced with permission from ref 266. Copyright 2015 John Wiley and Sons. (c) TEM image of CoP-MNA. (d) LSV curves of CoP-MNA
couple, Pt||Pt couple and Pt||IrO2 couple for OWS in 1.0 M KOH. Reproduced with permission from ref 461. Copyright 2015 John Wiley and Sons.
(e) Schematic of the synthesis of Co−P/NC. (f) SEM images of Co−P/NC. (g) LSV curves of Co−P/NC couple and Pt/C||IrO2 for OWS in 1.0
M KOH. Reproduced with permission from ref 464. Copyright 2015 American Chemical Society. (h) Schematic of the synthesis of Co2P/CoNPC.
(i) TEM image of Co2P/CoNPC. (j) LSV curve of Co2P/CoNPC couple for OWS in 1.0 M KOH and the corresponding scheme of electrolyzer.
Reproduced with permission from ref 465. Copyright 2020 John Wiley and Sons. (k) Scheme for the synthesis of CoP NFs. (l) TEM image of CoP
NFs. (m) LSV curves of CoP NFs couple and CoP NCs||CoP NCs couple for OWS in 1.0 M KOH. Reproduced with permission from ref 466.
Copyright 2020 American Chemical Society. (n) Schematic for the synthesis of Co-NC@CC. (o) SEM and TEM images of Co-NC@CC. (p) LSV
curves of Co-NC@CC couple and Pt/C||IrO2 couple for OWS in 1.0 M KOH. Reproduced with permission from ref 467. Copyright 2020 John
Wiley and Sons.
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MNA (Figure 41c) demonstrated a uniformly covered nickel
foam surface with vertically aligned nanorod arrays containing
mesopores. This unique structure enhanced mass and charge
transfer, and improved the electrical conductivity, allowing
CoP-MNA to function as both cathode and anode with an
overpotential of only 390 mV to achieve 10 mA cm−2 (Figure
41d).
Despite significant progress, further improvement of electro-

catalytic performance is hindered by challenges such as low
specific surface area and nanoparticle agglomeration.462

Metal−organic frameworks (MOFs) o�er a promising
alternative for the synthesis of advanced electrocatalysts as
they possess periodic and tunable pore structures, and large
specific surface areas.463 Our group synthesized porous Co−P/
NC nanopolyhedrons composed of CoPx (a mixture of CoP
and Co2P) nanoparticles embedded in N-doped carbon
matrices through a facile two-step method (Figure 41e).464

SEM images of Co−P/NC (Figure 41f) indicated the
retention of the polyhedron-like morphology of zeolitic
imidazolate framework-67 (ZIF-67). Consequently, the Co−

P/NC exhibited promising performance for OWS in 1.0 M
KOH, with 165 mA cm−2 at a cell voltage of 2.0 V (Figure
41g). In another study, Xu and coworkers synthesized a
bifunctional electrocatalyst consisting of Co2P embedded in
Co, N, and P multidoped carbon (Co2P/CoNPC) using ZIF-
67 as a precursor (Figure 41h).465 TEM analysis (Figure 41i)
revealed that Co2P/CoNPC inherits the ultrahigh porosity and

large specific surface area of ZIF-67, with Co2P nanoparticles
uniformly anchored to the carbon backbone. The synergistic
e�ect between Co2P and the multiheteroatom-doped carbon
substrate, along with the unique structural advantage of MOF
derivatives, enabled Co2P/CoNPC to achieve a current density
of 10 mA cm−2 at a cell voltage of only 1.64 V in 1.0 M KOH
(Figure 41j). Furthermore, hollow MOFs exhibit remarkable
characteristics such as large surface area and high atom
utilization e%ciency, suitable for fabrication of highly active
electrocatalysts. Chen and coworkers synthesized CoP nano-
frames (CoP NFs) using a strategy involving precipitation,
chemical etching, and low-temperature phosphorization steps
(Figure 41k).466 During the phosphorization treatment,
transition metal ions, and cyano ligands were transformed
into CoP nanoparticles within an N-doped carbon substrate,
while the carbon backbone inhibited excessive growth of CoP
nanoparticles. TEM analysis (Figure 41l) revealed the unique
cavity structure of CoP NFs. Such a unique nanostructure
provided highly dispersed CoP active sites, and facilitated
electrolyte permeation and gas emission. Consequently, the
resulting CoP NFs couple enabled e%cient OWS with a cell
voltage of 1.65 V at 10 mA cm−2 in 1.0 M KOH, superior to
the couple of CoP nanocubes (CoP NCs) counterpart (Figure
41m).
Furthermore, the MOF-derived Co−N−C materials has

been extensively explored for alkaline OWS as well. Li and
coworkers successfully obtained Co nanoparticles immobilized

Figure 42. (a) Schematic illustration of the synthesis of 3D Ni/NixMy (M = P, S) electrocatalytic electrodes. (b) SEM images of Ni/NiS. (c)
Schematic of the Volmer step in a unit cell of orthorhombic Ni9S8. LSV curves of Ni/NiS and controls for (d) OER and (e) HER in 1.0 M KOH.
Reproduced with permission from ref 475. Copyright 2015 John Wiley and Sons. (f) Scheme of the preparation of Ni2P/Ni/NF. (g,h) SEM images
of Ni2P/Ni/NF. Reproduced with permission from ref 315. Copyright 2018 American Chemical Society.
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within N-doped carbon microarrays (Co-NC@CC) by
growing 2D micron-sized Co-based MOF (Co-MOF@CC)
on carbon cloth fibers and subsequently carbonization (Figure
41n).467 SEM and TEM images (Figure 41o) revealed the
rough angular morphology of Co-NC@CC, with uniformly
dispersed Co nanoparticles. The resulting Co-NC@CC
exhibited abundant and dispersed active sites and a porous
structure, both of which facilitated reaction kinetics and
accelerated mass transport. The protection of well-dispersed
Co nanoparticles by the N-doped carbon ensured excellent
conductivity and stability. Consequently, the two-electrode
system based on Co-NC@CC couple achieved a current
density of 10 mA cm−2 at a low cell voltage of 1.57 V (Figure
41p). Additionally, Wu and coworkers synthesized oriented 2D
ZIF-67 nanosheets grafted with 3D ZIF-67 polyhedral
structures on the carbon cloth (CC) surface.468 Subsequent
low-temperature pyrolysis transformed these precursors into
hybrid composites (Co@N-CS/N-HCP@CC). The Co@N-
CS/N-HCP@CC consisted of ultrafine cobalt nanoparticles
embedded within 2D N-doped carbon nanosheets and 3D N-
doped hollow carbon polyhedra. This unique structure o�ered
several advantages: the CC substrate suppressed the
aggregation of nanosheets/nanoparticles and enhanced con-
ductivity/mechanical flexibility, the ultrathin 2D nanosheets
exposed abundant active sites and accelerated charge transfer,
and the porous 3D hollow polyhedra ensured superior mass
transfer capability/high structural stability. As a result, the
Co@N-CS/N-HCP@CC served as a bifunctional electro-
catalysts for OWS (in 1.0 M KOH) required a cell voltage as
low as 1.545 V to achieve 10 mA cm−2.
4.2.3. Ni-Based Electrocatalysts. To date, Ni-based

composites have garnered significant attention due to their
abundant reserves and electrochemical activity. Various Ni-
based materials, including oxides/hydroxides, sulfides, phos-
phides, nitrides, and others, have been reported and
demonstrated potential in alkaline OWS. To further enhance
the electrocatalytic activity of Ni-based catalysts, several
approaches have been employed, such as microstructural
modification, heterostructures construction, and nanocarbons
hybridization.469,470

Drawing inspiration from the unique physicochemical
properties of heterogeneous structural materials, Zhang and
coworkers synthesized ultrathin Ni(0) embedded Ni(OH)2
heterostructured nanosheets (Ni/Ni(OH)2 nanosheets)
through a partial reduction strategy.471 By utilizing these Ni/
Ni(OH)2 nanosheets as cathode and anode electrocatalysts in
a two-electrode water electrolysis system, a current density of
10 mA cm−2 was achieved with a cell voltage of 1.59 V in 1.0
M KOH, highlighting the promising performance for alkaline
OWS.
Nickel sulfides are desirable materials for various electro-

catalysis due to their low cost, high electrical conductivity, and
easy availability.472,473Wang and coworkers introduced a novel
approach using a deep eutectic solvent (DES) as a precursor to
synthesize 2D NiS/graphene (NiS/G) heterostructured
composites through a pyrolysis-assisted sulfidation process.474

The utilization of DES as a homogeneous system enabled
su%cient contact between the components, facilitating the
growth and coupling of NiS and graphene. Additionally,
graphene e�ectively enhanced conductivity and provided
corrosion protection for the NiS nanosheets. Consequently,
the 2D NiS/G heterostructure exhibited e%cient HER and
OER activities. Apart from synthesis of 2D nickel sulfides-

based electrocatalysts, Qiao and collaborators developed a
straightforward method to prepare 3D porous Ni/Ni9S8
(denoted as Ni/NiS) a bifunctional electrocatalyst via acid
activation and oxidation of commercial nickel foam followed
by sulfidation (Figure 42a).475 The resulting Ni/NiS displayed
3D nanoparticles-stacked morphology (Figure 42b). The
electron transfer from Ni to S revealed by XPS facilitated the
destabilization of H2O for improved alkaline HER (Figure
42c), and the reconstructed oxidized Ni species accounted for
enhanced OER. For example, the low overpotentials of 230
mV at 10 mA cm−2 and 340 mV at 30 mA cm−2 can be
obtained over Ni/NiS in 1.0 M KOH for HER and OER,
respectively (Figure 42d,e).
Similarly, nickel phosphides have also been studied for

alkaline OWS. Our group successfully obtained 3D hierarchical
porous Ni2P superstructures on nickel foam (Ni2P/Ni/NF) by
template-free electrodeposition of porous metal Ni micro-
sphere arrays on NF, followed by phosphorization (Figure
42f).227,315 SEM images (Figure 42g,h) revealed the
hierarchical macroporosity and urchin-like morphology of
Ni2P/Ni/NF, where the hierarchical macroporous structure
not only enhanced the accessibility of active sites but also
facilitated ion transport and gas di�usion by bu�ering the
electrolyte. As a result, the Ni2P/Ni/NF-based electrolyzer
needed a low cell voltage of only 1.49 V to a�ord 10 mA cm−2

in 1.0 M KOH for OWS. Phosphorization of the acid activated
and oxidized NF resulted in the 3D nanoflocs Ni/Ni8P3
(denoted as Ni/NiP), as reported by Qiao and coworkers
(Figure 42a).475 The resulting Ni/NiP exhibited superior HER
and OER activities (Figure 42d,e), and a low cell voltage of
1.61 V at 10 mA cm−2 in 1.0 M KOH for OWS. Liu and
coworkers prepared the CP@Ni−P self-supporting electrode
through electrodeposition of Ni on functionalized carbon fiber
paper (CP) followed by phosphorization.476 The CP@Ni−P
self-supporting electrode also exhibited excellent activity and
stability when utilized as both cathode and anode for alkaline
OWS. In-depth investigations were conducted by Driess and
coworkers to explore the electrocatalytic OWS of nickel
phosphides with di�erent phases.477 Ni12P5 and Ni2P were
synthesized using hydrothermal methods, and their surface
reconstruction during OER and HER were examined under
alkaline conditions to gain insights into the structure−activity
relationships. Generally, the OER activity originated from the
NiOOH/Ni(OH)2 species formed on the catalyst surface
during the reaction. The higher Ni content in Ni12P5 preferred
to produce more catalytically active NiOOH/Ni(OH)2 species
compared to Ni2P. Regarding HER, the higher concentration
of P on the surface of Ni2P significantly enhanced the catalytic
activity because the surface P atoms with a small negative
charge can trap protons and facilitate hydrogen removal from
the surface.
Nickel borides represent a relatively rare class of electro-

catalysts that have shown promise in HER and OER. Wu and
coworkers conducted a transformation of Ni-ZIF nanorods
into ultrathin Ni-ZIF/Ni−B nanosheets with abundant
crystalline−amorphous phase boundaries through room
temperature boronization (Figure 43a,b).478 The morphology
evolution of the Ni-ZIF@NF during boronization in a NaBH4

solution was evidenced in the SEM images (Figure 43c−e).
Initially, the rod-like Ni-ZIF structures were uniformly stacked
on the NF for the Ni-ZIF@NF precursor. However, with
prolonged reaction time in NaBH4, the morphology underwent
significant changes, transitioning into a 2D sheet structure.
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After 4 h of boronization, the nanosheets became thinner and
more unfolded, resulting in the formation of Ni-ZIF/Ni−B@
NF-4. Further extending the boronization time, the nanosheets
collapsed, eventually forming worm-like Ni−B structures
densely covered on the NF surface (known as Ni−B@NF-
24). Remarkably, the Ni-ZIF/Ni−B@NF-4 exhibited excellent
HER and OER activities, achieving a current density of 10 mA
cm−2 at an ultralow cell voltage of 1.54 V when utilized as the
cathode and anode in an alkaline OWS electrolyzer. This
remarkable electrocatalytic performance was attributed to the
presence of ultrathin nanosheets and rich crystalline−
amorphous boundaries, which provided a large active surface
area, facilitated mass and charge transfer, and o�ered suitable
adsorption energy for reaction intermediates.
Furthermore, extensive research has been conducted on

nickel-based carbon nanocomposites for various electro-
catalysis processes including alkaline OWS, owing to their
favorable electrical conductivity, large specific surface area, and
corrosion resistance.479 Xu and coworkers developed a method
to prepare Ni nanoparticles (Ni NPs) encapsulated in few-
layer nitrogen-doped graphene (Ni@NC) through high-
temperature annealing of Ni-MOF (Figure 44a).480 The
synergistic e�ect between the Ni NP cores and the N-doped
thin graphene shells imparted excellent activity to Ni@NC in
alkaline OWS (1.0 M KOH), achieving a current density of 10
mA cm−2 at 1.60 V. Similarly, Wang and coworkers obtained
self-supported 3D heterojunction thin film materials (Ni@N-
HCGHF) by pyrolyzing Ni-MOF/graphene oxide compounds
(Figure 44b).481 SEM images (Figure 44c,d) at di�erent
magnifications revealed the hierarchical structure of Ni@N-
HCGHF, consisting of a uniform arrangement of N-doped
carbon nanotube-assembled hollow-microsphere (HM) and
reduced graphene oxide (rGO). The MOF-derived CNT-HM
structure prevented the aggregation of rGO and provided a

large surface area to expose more active sites. With the high
specific surface area, hierarchical porosity, controllable
dopants, and conductive CNT@rGO heterostructures, the
Ni@N-HCGHF coupe demonstrated remarkable performance.
In a two-electrode system, it required only 1.60 V to achieve 10
mA cm−2 for OWS in 1.0 M KOH (Figure 44e).
4.2.4. Other Monometal-Based Electrocatalysts. In

addition to Fe-, Co-, and Ni-based nonprecious bifunctional
electrocatalysts, monometallic Mo- and Cu-based electro-
catalysts have also been explored for alkaline OWS. For
instance, Cui and coworkers synthesized porous MoO2

nanosheets grown on NF through a wet chemistry followed
by annealing method (Figure 45a).482 SEM images (Figure
45b,c) revealed that the entire surface of NF is covered by
porous MoO2 nanosheets. The porous structure of MoO2

allowed for e%cient electrolyte storage, facilitating fast ion
supply and reducing ion di�usion distance. As a result, the
porous MoO2 exhibited remarkable performance for alkaline
OWS in 1.0 M KOH, requiring a cell voltage of only 1.53 V to
achieve a current density of 10 mA cm−2 (Figure 45d).
Notably, the alkaline OWS can be driven by a single 1.5 V
battery (Figure 45e).
As mentioned earlier, molybdenum sulfide has demonstrated

excellent catalytic performance for HER. Its catalytic activity
for OER can be further improved through integration with
multiple compounds. Zhang and collaborators employed a
two-step sequential chemical vapor deposition (CVD) method
to synthesize three-dimensional (3D) mesoporous van der
Waals (vdW) heterostructures of graphene and N-doped MoS2
(G@N-MoS2, Figure 45f).

483 HAADF-STEM and HRTEM
images (Figure 45g,h) revealed the uniform distribution of N-
MoS2 with a hexagonal appearance on mesoporous graphene

Figure 43. (a, b) Schematic of the synthesis of Ni-ZIF/Ni−B@NF.
SEM images of (c) Ni-ZIF@NF, (d) Ni-ZIF/Ni−B@NF-4, and (e)
Ni−B@NF-24. Reproduced with permission from ref 478. Copyright
2020 John Wiley and Sons.

Figure 44. (a) Schematic of the preparation of Ni@NC. Reproduced
with permission from ref 480. Copyright 2017 John Wiley and Sons.
(b) Schematic of the preparation of Ni@N-HCGHF. (c, d) Cross-
sectional SEM images of Ni@N-HCGHF. (e) LSV curves of Ni@N-
HCGHF couple for OWS in 1.0 M KOH. Reproduced with
permission from ref 481. Copyright 2020 John Wiley and Sons.
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framework. The interface between graphene and N-MoS2 was
clearly observed on thick graphene sheets, indicating the layer-
by-layer stacking of vdW heterostructures. The integration of
3D mesoporous graphene and N-MoS2 provided improved
conductivity, enhanced accessibility of active sites, and
optimized adsorption of reaction intermediates, leading to
significantly enhanced electrocatalytic HER and OER activities
in 0.1 M KOH (Figure 45i,j). Furthermore, Mu and coworkers
reported a bifunctional electrocatalyst consisting of vertically
aligned MoS2 nanosheets encapsulated Mo−N/C framework
with interfacial Mo−N coupling centers (Mo−N/C@
MoS2).

484 The distinct chemical composition, unique three-
phase active sites and synergistic e�ect of the hierarchical
porous structure enabled Mo−N/C@MoS2 to exhibit superior
HER and OER activities in KOH electrolytes, with respective
overpotentials of 117 and 390 mV at 10 mA cm−2.
Remarkably, molybdenum phosphide (MoP) also exhibits

outstanding electrocatalytic activity for alkaline OWS. Shen
and coworkers successfully synthesized a self-supported porous
MoP nanoflakes on Ni foam (MoP/NF) via phosphorization
of MoO2 nanoflakes grown on NF (Figure 46a).

485 SEM and
TEM images (Figure 46b,c) revealed the presence of vertically
immobilized porous MoP nanoflakes with 200−500 nm in

width and >500 nm in depth on NF. The unique nanoflake
array structure and the reduced size of MoP enabled the
exposure of active sites and promoted e%cient gas di�usion
and mass transfer. As a result, the MoP/NF self-supported
electrode achieved a current density of 10 mA cm−2 at a cell
voltage of 1.62 V for OWS in 1.0 M KOH (Figure 46d),
comparable to Pt/C/NF and IrO2/NF couple.
Furthermore, Mo2C has been recognized as an excellent

catalyst for HER due to its Pt-like electronic structure and
suitable hydrogen adsorption capacity,486−489 Recently, it was
investigated as a bifunctional electrocatalyst for OWS. Gao and
coworkers synthesized highly crystalline Mo2C nanoparticles
loaded on carbon sheets (Mo2C/CS) using a one-pot method
(Figure 46e).486 HRTEM image (Figure 46f) clearly
demonstrated that the hexagonal Mo2C is strongly coupled
with carbon sheets. With the highly active catalytic properties
of Mo2C, the high surface area of carbon sheets, and e%cient
charge transfer in the strongly coupled composite, Mo2C/CS
exhibited a bifunctional electrocatalytic performance in 1.0 M
KOH for OWS, requiring a cell voltage of 1.73 V to achieve 10
mA cm−2 (Figure 46g).

Figure 45. (a) Schematic of the synthesis of porous MoO2 nanosheets
on NF directly. (b,c) SEM top-view and side-view images of porous
MoO2 nanosheets. (d) LSV curves of porous MoO2 couple and Pt/C
couple for OWS in 1.0 M KOH. (e) Demonstration of porous MoO2

couple-driven OWS device powered by a single 1.5 V battery.
Reproduced with permission from ref 482. Copyright 2016 John
Wiley and Sons. (f) Schematic of the synthesis of 3D mesoporous G@
N-MoS2. (g) HAADF-STEM image and (h) HRTEM images of G@
N-MoS2. LSV curves of G@N-MoS2 and controls for (i) HER and (j)
OER in 0.1 M KOH. Reproduced with permission from ref 483.
Copyright 2018 John Wiley and Sons.

Figure 46. (a) Scheme of the synthesis of porous MoP nanosheet
arrays on nickel foam (MoP/NF). (b) SEM and (c) TEM images of
MoP/NF. (d) LSV curves of MoP/NF couple and Pt/C/NF||IrO2/
NF couple for OWS in 1.0 M KOH. Reproduced with permission
from ref 485. Copyright 2018 John Wiley and Sons. (e) Schematic
illustration of the synthetic process of Mo2C/CS. (f) HRTEM image
of Mo2C/CS. (g) LSV curves for OWS on Mo2C/CS couple and
control. Reproduced with permission from ref 486. Copyright 2017
John Wiley and Sons.
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Due to their high abundance, low cost, and favorable
electrical conductivity, Cu-based materials have emerged as
potential bifunctional electrocatalysts for alkaline OWS.
Among them, copper chalcogenides and pnictides have been
extensively explored and showed promising activity. For
instance, Zheng and colleagues developed self-supported
sulfur-doped copper oxide (Cu2OxS1−x) with a nanoporous
structure using a three-step approach, with the electrochemical
cycling potential reconstruction of Cu2S being a key step
(Figure 47a).490 SEM images showed the transformation of 1D
nanowires (Figure 47b) of Cu2S into nanoporous films (Figure
47c) of Cu2OxS1−x after electrochemical reconstruction. This

specific nanoporous structure exposed more active sites, and
the heteroatom doping tailored the electronic structure of the
electrocatalyst. As a result, the Cu2OxS1−x couple exhibited
excellent OWS activity in 1.0 M KOH, better than Pt/C and
IrO2 couple (Figure 47d).
Furthermore, copper selenides were used as bifunctional

OWS electrocatalysts due to the unique adsorption of reactive
intermediates containing oxygen and hydrogen. Driess and
coworkers successfully obtained pure-phase and highly
crystalline klockmannite CuSe on NF using an electrophoretic
deposition (EPD) method.491 Remarkably, during OER, the
surface CuSe was converted to highly active crystalline
Cu(OH)2 due to electrochemically oxidative reconstruction
(Figure 47e), while during HER, it formed amorphous
Cu(OH)2/CuOx active surfaces (Figure 47f), thereby enhanc-
ing both OER and HER performance. Consequently, the CuSe
couple exhibited excellent OWS under 1.0 M KOH (Figure
47g). Another example involves the work of Lokhande and
coworkers, who prepared self-supported copper selenide
electrocatalysts using a self-growth method with varying
immersion times (Figure 47h).492 SEM images (Figure 47i−
l) illustrated the morphological transformation at di�erent time
intervals (1, 2, 4, and 6 h). Initially, the surface of copper
selenide with an immersion time of 1h (CS1) was composed of
vertically aligned sheets of Cu(OH)2 and Cu2Se, displaying
large cage-like structures. As the immersion time increased to 2
h, the resulting CS2 films exhibited an increase in the number
and size of Cu(OH)2 sheets, with further transformation into
Cu3Se2 and Cu2Se. With an immersion time of 4 h (CS3),
more Cu was converted to copper selenide, resulting in a cube-
like microstructure. Further increasing the soaking time to 6 h,
the cuboidal structure was transformed into horizontally
extended sheets (CS4). These structural transformations led
to changes in the catalyst’s surface porosity, and the microflake
morphology of CS2 maximized the number of catalytic active
sites, resulting in superior OER, HER, and OWS activities in
1.0 M KOH.
In recent studies, copper phosphide nanostructures have

emerged as highly e�ective electrocatalysts for both OER and
HER. Cui and collaborators successfully obtained a three-
dimensional self-supported Cu3P nanobush grown on a copper
mesh (Cu3P/Cu) through one-step phosphorization (Figure
48a).493 SEM image (Figure 48b) revealed the presence of
uniform 3D nanowires in the Cu3P/Cu, providing a large
number of active sites and promoting gas production and
bubble release. Additionally, the Cu3P/Cu exhibited good
electrical conductivity, facilitating charge transfer. Conse-
quently, the Cu3P/Cu couple achieved a current density of
10 mA cm−2 at 1.85 V (Figure 48c) and maintained decent
stability for over 12 h in 1.0 M KOH (Figure 48d). In another
study, Du’s group synthesized crystalline Cu3P nanosheets on
conductive nickel foam (Cu3P@NF) by phosphorization of
Cu(OH)xF/NF obtained through a hydrothermal process
(Figure 48e).494 SEM image (Figure 48f) demonstrated the
uniform coverage of Cu3P nanosheets on the surface of a nickel
foam substrate. The resulting Cu3P@NF electrode exhibited
remarkable bifunctional catalytic activity for OWS, reaching 10
mA cm−2 with only 1.67 V in 1.0 M KOH. The unique
structure of metal−organic frameworks (MOFs) makes them
excellent precursors for the preparation of porous nano-
catalysts.495 In this regard, Zhang and coworkers prepared
porous Cu3P@C by low-temperature phosphorization of sea
urchin-like Cu-BDC (Figure 48g).496 The resulting Cu3P@C

Figure 47. (a) Schematic of the fabrication process of Cu2OxS1−x/Cu.
SEM images of (b) Cu2S/Cu and (c) Cu2OxS1−x/Cu. (d) LSV curves
of Cu2OxS1−x/Cu couple and Pt/C||IrO2 couple for OWS in 1.0 M
KOH. Reproduced with permission from ref 490. Copyright 2018
American Chemical Society. HRTEM images of the CuSe/NF (e)
after OER and (f) after HER tests. (g) LSV curve of CuSe/NF couple
and control for OWS in 1.0 M KOH. Reproduced with permission
from ref 491 under the terms of a CC-BY 4.0 license. Copyright 2020
John Wiley and Sons. (h) Schematic of chemical bath deposition for
the synthesis of Cu3Se2 films on Cu substrate and films evolution with
time. The inset image showed a photograph of four copper selenide
films. SEM images of (i) CS1, (j) CS2, (k) CS3, and (l) CS4.
Reproduced with permission from ref 492. Copyright 2023 John
Wiley and Sons.
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maintained the sea urchin-like structure with high porosity and
uniform dispersion of Cu3P nanoparticles, making it promising
for alkaline OWS.
The excellent conductivity and other properties of metal

nitrides renders them exceptional performance as electrode
materials.402,497 Driess and collaborators synthesized nanoscale
Cu3N by nitriding copper acetate and subsequently deposited
Cu3N on NF (Cu3N/NF) via electrophoretic deposition
(Figure 49a).498 Remarkably, the resulting Cu3N/NF exhibited
a propensity to form Cu-oxygen/hydroxide reactive species
rich in defects under oxidizing conditions, while reducing
conditions resulted in the formation of highly conductive Cu
and CuO. Consequently, the Cu3N/NF demonstrated
remarkably low overpotentials for both OER and HER, along

with excellent activity and durability for OWS. In addition,
heteroatom-doped carbon-based materials have garnered
significant attention due to their high surface area, excellent
conductivity and chemical stability.499,500 Li and collaborators
prepared a porous carbon-based electrocatalyst doped with Cu,
N, and S (Cu−N−SC-1100) through high-temperature
treatment of oxidized polyphenylene sulfide (PPS) and Cu
foil in an NH3 atmosphere (Figure 49b).501 SEM analysis
(Figure 49c) revealed the spongy nature of Cu−N−SC-1100,
with rough surface and porous structure. The abundance of
defects and the porosity enhanced the exposure of active sites
and facilitated electron transfer. Moreover, the unique
coordination among Cu, N, S, and C endowed Cu−N−SC-
1100 with distinctive electronic properties. As a result, the as-

Figure 48. (a) Schematic of the preparation of Cu3P/Cu. (b) SEM image of Cu3P/Cu. (c) LSV curves of Cu3P/Cu couple and control couples for
OWS in 1.0 M KOH. (d) Chronoamperometric curve of Cu3P NB/Cu couple at 1.88 V for OWS and the corresponding photograph. Reproduced
with permission from ref 493. Copyright 2016 American Chemical Society. (e) Schematic of the preparation of Cu3P@NF. (f) SEM image of
Cu3P@NF. Reproduced with permission from ref 494. Copyright 2017 American Chemical Society. (g) Schematic of the preparation of Cu3P@C.
Reproduced with permission from ref 496. Copyright 2019 John Wiley and Sons.
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prepared Cu−N−SC-1100 exhibited excellent activity for
alkaline OWS, achieving a current density of 10 mA cm−2

with a remarkably low voltage of only 1.64 V, thereby enabling
rapid production of H2 and O2 (Figure 49d,e).
4.2.5. Multimetal-Based Electrocatalysts. In the above

subsection, we examined the overall water splitting perform-
ance of monometallic electrocatalysts in alkaline solutions.
However, it is worth noting that multimetallic materials often
exhibit enhanced electrocatalytic activity due to their
synergistic interactions.502 Various transition metal oxides,
sulfides, selenides, phosphides, nitrides, carbides, and alloys are
exemplary multimetallic electrocatalysts currently investigated
for alkaline OWS.
Multimetal oxides have been explored as highly active and

durable electrocatalysts for water splitting, owing to their
inherent properties.503 Cui’s group achieved the trans-
formation of transition metal oxide nanoparticles (Fe, Co, Ni
oxides, and their mixed oxides) into ultrasmall nanoparticles
(2−5 nm) through a Li-induced transformation reaction
(Figure 50a).504 TEM images (Figure 50b−d) revealed the
gradually increase of interconnected ultrasmall nanoparticles
with abundant grain boundaries along with galvanostatic
lithiation/delithiation cycling. These numerous grain bounda-
ries were believed to be active for OWS. For example, the Li-
induced ultrasmall NiFeOx nanoparticles exhibited remarkable
activity and stability for OWS in 1.0 M KOH, requiring only
1.51 V to achieve 10 mA cm−2 and maintaining stability over
200 h. In a di�erent study, Lin and coworkers synthesized
hierarchical NiCo2O4 hollow microcuboids (HMCs) through a

thermally driven conversion process (Figure 50e).505 SEM and
TEM images (Figure 50f) clearly displayed the hollow
microcuboids structure composed of one-dimensional nano-
wires, with numerous mesopores distributed throughout the
shell. The 1D nanowire meshwork and hollow structure
provided a large active surface area, facilitating electrochemical
reactions, electrolyte penetration, and gas release. Conse-
quently, the NiCo2O4 HMCs couple demonstrated excellent
activity for OWS in 1.0 M NaOH. Furthermore, Wang and
collaborators synthesized a series of NiCo2O4 with di�erent
crystalline planes using a hydrothermal method to achieve
e%cient OWS in 1.0 M KOH.506 The authors found that the
NiCo2O4 nanosheets exposing [110] facets exhibit higher HER
and OER activities than NiCo2O4 octahedron exposing [111]

Figure 49. (a) Schematic of the fabrication of Cu3N/NF. Reproduced
with permission from ref 498. Copyright 2019 American Chemical
Society. (b) Schematic of the preparation of Cu−N−SC-1100. (c)
SEM image of Cu−N−SC-1100. (d) Photograph of the self-driven
water-splitting device based on Cu−N−SC-1100, and the correspond-
ing (e) photograph of gas collected and quantification by the drainage
method. Reproduced with permission from ref 501. Copyright 2021
American Chemical Society.

Figure 50. (a) Schematic of Li-induced transformation of TMO
particles from single crystalline to ultrasmall interconnected crystalline
NPs. TEM images of (b) pristine CoO/CNF, (c) 2-cycle CoO/CNF,
and (d) 5-cycle CoO/CNF. Reproduced with permission from ref
504 under the terms of a CC-BY 4.0 license. Copyright 2015 The
Authors, published by Springer Nature. (e) Schematic of the
formation of hierarchical NiCo2O4 HMCs. (f) SEM and TEM images
of NiCo2O4 HMCs. Reproduced with permission from ref 505.
Copyright 2016 John Wiley and Sons. (g) Schematic of the
preparation of SNCF-NR. (h) LSV curves of SNCF-NR couple and
Pt/C||IrO2 couple for OWS in 1.0 M KOH. Reproduced with
permission from ref 507. Copyright 2017 John Wiley and Sons. (i)
LSV curves of NiFe LDH couple and NF||NF couple for OWS in 1.0
M NaOH. (j) Schematic of the perovskite solar cell-powered water-
splitting device. (k) Energy schematic of the perovskite tandem cell
for OWS. Reproduced with permission from ref 510. Copyright 2014
American Association for the Advancement of Science.
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facets and NiCo2O4 truncated octahedron exposing [111] and
[100] facets.
Perovskite materials have garnered significant attention as a

promising class of electrocatalysts as well. Shao and coworkers
employed the electrospinning method followed by annealing to
prepare the SrNb0.1Co0.7Fe0.2O3−δ perovskite nanorod (SNCF-
NR) (Figure 50g).507 Leveraging the catalytic properties and
unique structural features of perovskites, the SNCF-NR couple
achieved a current density of 10 mA cm−2 at an impressively

low cell voltage of 1.68 V (Figure 50h). Another noteworthy
example is the work of Ciucci and coworkers, who synthesized
NdBaMn2O5.5, a double perovskite layered oxide, as a
bifunctional electrode material for alkaline OWS.508 Analogous
to transition metal oxides, transition metal hydroxides/
(oxy)hydroxides have also been explored as e%cient bifunc-
tional OWS electrocatalysts.509 Gra ̈tzel and coworkers
obtained NiFe layered double hydroxides (NiFe-LDH) on
NF through a hydrothermal method, which exhibited high

Figure 51. (a) Schematic of the synthesis of O-CoMoS heteronanosheet arrays. (b) LSV curves and (c) chronoamperometric curve of O-CoMoS
couple for OWS in 1.0 M KOH. Reproduced with permission from ref 512. Copyright 2018 American Chemical Society. (d) Schematic of the
formation of NCT-NiCo2S4. (e) TEM image of NCT-NiCo2S4. (f) LSV curves of NCT-NiCo2S4 couple and control couples for OWS in 1.0 M
KOH. Reproduced with permission from ref 513. Copyright 2019 Elsevier. (g) Schematic for the synthesis of MoS2−NiS2/NGF. SEM images of
(h) NGF, (i) MoO2−Ni(OH)2/NGF, and (j) MoS2−NiS2/NGF. (k) Schematic of the two-electrode water electrolysis device. (l) LSV and
chronopotentiometric curves of MoS2−NiS2/NGF couple for OWS in 1.0 M KOH. Reproduced with permission from ref 514. Copyright 2019
Elsevier.
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activity for both OER and HER in 1.0 M NaOH.510

Furthermore, the NiFe-LDH was employed as both cathode
and anode in a perovskite solar cell-powered water-splitting
device (Figure 50i−k), capable of achieving a current of 10 mA
cm−2 at only 1.7 V (Figure 50i).
Multimetal sulfides have garnered significant attention as

electrocatalysts for OWS as well.511 Sun and coworkers
developed vertically aligned oxygen-containing CoS2−MoS2
(O-CoMoS) heteronanosheets grown on carbon fiber cloth by
the use of a polyoxometalate as precursor (Figure 51a).512 The
unique nanosheet structure of O-CoMoS facilitated the
exposure of active heterogeneous interfaces, the synergistic
e�ects of heterostructures created abundant active sites, and
the 2D conductive networks enhanced charge transfer.
Consequently, the resulting O-CoMoS achieved 10 mA cm−2

at a low cell voltage of only 1.6 V for OWS in 1.0 M KOH
(Figure 51b) and sustained continuous electrolysis at 10 mA
cm−2 with negligible voltage fluctuations for 10 h (Figure 51c).
In another study, Lv and collaborators utilized polyacrylonitrile
(PAN) nanofibers as template and nitrogen source to

synthesize N-doped carbon/NiCo2S4 hollow nanotubes
(NCT-NiCo2S4) through a one-pot method (Figure 51d).

513

TEM image confirmed the hollow nature of NCT-NiCo2S4
(Figure 51e). The carbon-encapsulated hollow nanotube
structure promoted accessibility of active sites and mass
transfer, and alleviated electrolyte corrosion, resulting in
enhanced activity and stability for alkaline OWS. The resulting
NCT-NiCo2S4 exhibited low overpotentials of 295 and 330
mV for HER and OER to a�ord 100 mA cm−2 in 1.0 M KOH,
respectively. When applied as both cathode and anode in an
electrolyzer, it required only 1.6 V to a�ord 10 mA cm−2, lower
than those of control couples (Figure 51f). Additionally, Fan
and coworkers fabricated bimetallic sulfide anchored 3D
nitrogen-doped graphene foam (MoS2−NiS2/NGF) hybrids
via hydrothermal growth of MoO2−Ni(OH)2 nanowalls
followed by sulfurization, as schematically shown in Figure
51g.514 SEM image (Figure 51h) of nitrogen-doped graphene
foam (NGF) revealed a highly wrinkled surface, beneficial to
the homogeneous nucleation and growth of MoO2−Ni(OH)2
nanowalls with a hierarchical 2D/3D hybrid structure (Figure

Figure 52. (a) Schematic of the synthesis of NiFeSe@NiSe|O@CC. SEM images of (b) NiCH@CC, (c) NiFe-PBA@NiCH@CC, and (d)
NiFeSe@NiSe|O@CC. (e) HRTEM image of NiFeSe@NiSe|O@CC. (f) LSV curves of NiFeSe@NiSe|O@CC couple for alkaline OWS in 1.0 M
KOH. Reproduced with permission from ref 516. Copyright 2019 John Wiley and Sons. (g) Schematic of the synthesis of CoNiSe2@CoNi-LDHs/
NF. SEM images of (h) CoNiSe2/NF and (i) CoNiSe2@CoNi-LDHs/NF. Reproduced with permission from ref 517. Copyright 2019 Elsevier.
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51i). Notably, the MoO2−Ni(OH)2 nanowalls can be
converted into MoS2−NiS2 nanoparticles while maintaining
the 3D interconnected tubular structure of NGF (Figure 51j).
The heterointerfaces between NGF and MoS2−NiS2 enabled
the exposure of abundant active sites and e%cient mass/charge
transfer. As a result, the two-electrode system of MoS2−NiS2/
NGF couple (Figure 51k) achieved a current density of 10 mA
cm−2 at 1.64 V in 1.0 M KOH (Figure 51l).
Besides, multimetal selenides have also been explored,

o�ering excellent activity, durability, and cost-e�ectiveness.515

Ho’s group employed a coordinative self-templating method to

convert nickel−iron Prussian blue analog (NiFe-PBA) and
nickel hydroxide carbonate (NiCH) templates into porous and
defect-rich nickel−iron selenide hybrids on carbon cloth
(NiFeSe@NiSe|O@CC) (Figure 52a).516 SEM images illus-
trated the morphological evolution during synthesis (Figure
52b−d). Initially, hexagonal nanosheet structures of NiCH@
CC self-templates were obtained via a hydrothermal method
(Figure 52b). Subsequently, NiFe-PBA was grown on the
NiCH@CC template at room temperature, with the nano-
sheets being surrounded by uniformly crystallized NiFe-PBA
nanocubes (Figure 52c). Finally, selenization of the resulting

Figure 53. (a) Schematic of the formation of CoP@FeCoP/NC YSMPs. (b) SEM and TEM images of ZIF-67@Co−Fe PBA YSMPs. Reproduced
with permission from ref 519. Copyright 2021 Elsevier. (c) Schematic of the preparation of CoFeP/FF and C@CoP-FeP/FF. SEM images of (d)
CoFeP/FF and (e) C@CoP-FeP/FF. Reproduced with permission from ref 520. Copyright 2023 John Wiley and Sons. (f) Schematic of the
preparation of Ni−Co−Fe−P NBs. (g, h) SEM images of Ni−Co−Fe−P NBs. (i) LSV curves of Ni−Co−Fe−P NBs couple and Pt/C/Ni||RuO2/
Ni couple for OWS in 1.0 M KOH. (j) Chronopotentiometric curves of Ni−Co−Fe−P NBs couple for OWS at di�erent current densities.
Reproduced with permission from ref 521. Copyright 2022 Elsevier.
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PBA@NiCH@CC resulted in NiFeSe@NiSe|O@CC (Figure
52d). HRTEM image revealed the abundance of unsaturated
sites and defects in the NiFeSe@NiSe|O@CC (Figure 52e).
This unique structure, with increased reactive sites and
improved conductivity, contributed to the excellent electro-
catalytic performance of NiFeSe@NiSe|O@CC for OWS in
1.0 M KOH (Figure 52f). In another study, Gao and
collaborators designed CoNiSe2 heterogeneous nanorods
decorated with LDH nanosheets on Ni foam (CoNiSe2@
CoNi-LDHs/NF).517 As shown in Figure 52g, the CoNiSe2/
NF with nanorod structure were first vertically attached to a
NF substrate via hydrothermal and selenization of 1D Co−Ni
precursors, as revealed by the SEM image (Figure 52h).
Subsequently, nanorod structures decorated with ultrathin
nanosheets were achieved through electrodeposition of CoNi-
LDHs (Figure 52i). The unique interfaces enhanced
adsorption of H2O to facilitate its dissociation for boosted
HER, as confirmed by both DFT and in situ Raman analysis.
As a result, the resulting CoNiSe2@CoNi-LDHs/NF couple
required an ultralow cell voltage of only 1.44 V to reach 10 mA
cm−2 under alkaline conditions (1.0 M KOH), outperforming
the CoNiSe2/NF and CoNi-LDHs/NF control couples.
Due to their excellent electrical conductivity, metallic

properties, and proton trapping capabilities at the P site,518

multimetal phosphides have been investigated for alkaline
OWS. Lu and coworkers synthesized nitrogen-doped carbon-
decorated CoP@FeCoP yolk−shell micropolyhedras (CoP@

FeCoP/NC YSMPs) through the phosphorization of ZIF-67@
Co−Fe Prussian blue analogue YSMPs (Figure 53a).519 SEM
and TEM images (Figure 53b) showcased the unique yolk−
shell structure of ZIF-67@Co−Fe PBA YSMPs, featuring a
thin shell and a thick core. Such a structure can be maintained
after phosphorization for CoP@FeCoP/NC YSMPs, and the
resulting nitrogen-doped carbon substrate can e�ectively
mitigate the agglomeration of CoP, leading to increased
specific surface area for exposure of active sites. The synergistic
e�ect between the yolk−shell structure and the nitrogen-doped
carbon substrate optimized the electronic structure and
enhanced the electrocatalytic activity of CoP@FeCoP/NC
YSMPs. When utilized for alkaline OWS in 1.0 M KOH, the
CoP@FeCoP/NC YSMPs couple required a low cell voltage of
only 1.68 V to achieve 10 mA cm−2, with excellent stability
over 20 h. Additionally, Wang and coworkers prepared a self-
supported bifunctional electrocatalyst of carbon-encapsulated
bimetallic phosphides on Fe foam (C@CoP-FeP/FF) via a
simple two-step process (Figure 53c).520 SEM images
showcased the critical role of ZIF-67 protective layer (Figure
53d,e). Obviously, the CoFeP/FF control featured curved
nanosheets with cross-link structures (Figure 53d). In contrast,
the C@CoP-FeP/FF presented nanosheet array morphology
with abundant pores due to the introduction of N-doped
carbon from ZIF-67 (Figure 53e). The abundant heteroge-
neous interface and the porous N-doped carbon layer favored
the exposure of active sites, and mass/charge transfer.

Figure 54. (a) Schematic of the synthesis of Ni−Fe−MoN NTs. Reproduced with permission from ref 524. Copyright 2018 John Wiley and Sons.
(b) Schematic of the synthesis of CoFe-NA/NF electrodes. Reproduced with permission from ref 525. Copyright 2022 Elsevier.
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Consequently, the C@CoP-FeP/FF couple required only 1.73
V to achieve a current density of 100 mA cm−2 in a simulated
seawater electrolyte (1.0 M KOH + 0.5 M NaCl). Wei and
collaborators synthesized porous Ni−Co−Fe trimetallic
phosphide nanobricks with precisely tunable composition
and morphology using Ni−Co MOF precursors (Figure
53f).521 First, NixCoy-BDC NBs were prepared through a
one-pot hydrothermal reaction, which were then converted
into porous NiCo Prussian blue (NiCoFe-PBA NBs) through
an ion-exchange reaction in a K3Fe(CN)6 solution. Finally, the
porous Ni−Co−Fe−P NBs were obtained by phosphorization
of the resulting NiCoFe-PBA, as depicted in the SEM images
(Figure 53g,h). The unique structure of Ni−Co−Fe−P NBs
enabled them to achieve a low cell voltage of 1.46 V to reach
10 mA cm−2 for OWS in 1.0 M KOH, along with robust
durability at both low and high current densities (Figure 53i,j).
Additionally, multimetal nitrides have also shown great

potential in alkaline OWS due to the multicomponent
synergy.522,523 Chou and coworkers developed a multistep
synthetic strategy to fabricate layered Ni−Fe−Mo trimetallic
nitride nanotubes (Ni−Fe−MoN NTs) through Fe doping at
room temperature followed by NH3 heat treatment of

hierarchical core−shell MoO3@Ni(OH)2 NTs (Figure
54a).524 TEM images revealed that the outer wall of Ni−
Fe−MoN NTs consists of porous sheet-like nanostructures.
Optimized Ni−Fe−Mo trimetallic nitride nanotubes exhibited
excellent electrocatalytic activity for both HER and OER in 1.0
M KOH, with respective overpotentials of 55 and 228 mV at
10 mA cm−2. When used as a bifunctional electrocatalyst for
OWS in 1.0 M KOH, the optimized Ni−Fe−MoN NTs couple
needed a cell voltage of 1.513 V at 10 mA cm−2. In another
example, Pan and collaborators constructed cobalt−iron
nitride/alloy nanosheets on nickel foam (CoFe-NA/NF)
using a three-step strategy (Figure 54b).525 Initially, CoFe-
LDH hierarchical nanosheets (CoFe-LDH/NF) were uni-
formly grown on the NF through hydrothermal reaction. After
annealing at 350 °C under an Ar/H2 atmosphere, porous and
interconnected structures of CoFe-A/NF were formed.
Subsequently, the CoFe-A/NF was nitrided by annealing in
NH3 at 500 °C to obtain the final product of CoFe-NA/NF.
SEM images of CoFe-NA nanosheets demonstrated numerous
nanoparticles with abundant mesopores and macropores on
the surface, forming a porous 3D network structure. The
porous surface provided a large active surface area. Thus, the

Figure 55. (a) XRD patterns of FeCoNiMnRu/CNFs with detailed Rietveld refinements. (b) Real-time in situ XRD patterns for FeCoNiMnRu/
CNFs with temperatures ranging from 25 to 1000 °C. (c) Schematic of thermodynamically driven phase transition of FeCoNiMnRu NPs in CNF
nanofiber reactors. (d) Gibbs free energy profiles for water dissociation on various catalytic sites of the FeCoNiMnRu HEA surface. (e) Gibbs free
energy profiles on various catalytic sites of the FeCoNiMnRu HEA surface. Reproduced with permission from ref 528 under the terms of a CC-BY
4.0 license. Copyright 2022 The Authors, published by Springer Nature.
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Table 5. Summary of Bifunctional Electrocatalysts for Overall Water Splitting (OWS) in 1.0 M KOH

Electrocatalysts
Current density
(mA cm−2)

Cell voltage
(V) Ref

Ni2P/Ni/NF 10 1.49 227

Co-P film 100 1.744 266

δ-FeOOH NSs/NF 10 1.62 440

FeS/IF 10 1.65 441

FeP 10 1.59 443

OESSC 10 1.74 444

Fe-N4 SAs/NPC 10 1.67 445

CoOx@CN 20 1.55 451

Co(OH)2@NCNTs@NF 10 1.72 454

Co3S4/EC-MOF 10 1.55 456

Co9S8@NOSC 20 1.74 457

NS/rGO-Co 10 1.72 458

Co-P/NC 165 2.0 464

Co2P/CoNPC 10 1.64 465

CoP NFs 10 1.65 466

Co-NC@CC 10 1.57 467

Co@N-CS/N-HCP@CC 10 1.545 468

Ni/Ni(OH)2 10 1.59 471

NiS/G 10 1.54 474

Ni/Ni8P3 10 1.61 475

Ni2P 10 1.58 477

Ni-ZIF/Ni-B@NF 10 1.54 478

Ni@NC 10 1.6 480

Ni@N-HCGHF 10 1.6 481

porous MoO2 10 1.53 482

MoP/NF 10 1.62 485

Mo2C@CS 10 1.73 486

Cu2OxS1−x 10 1.56 490

CuSe/NF 10 1.68 491

CS2 100 2.08 492

Cu3P/Cu 10 1.85 493

Cu3P@NF 10 1.67 494

Cu3N/NF 10 1.6 498

Cu-N-SC-1100 10 1.64 501

NiFeOx NPs 10 1.51 504

NiCo2O4 HMCs/NF
a 10 1.65 505

(110)NiCo2O4NSs/NF 10 1.59 506

SNCF-NRs 10 1.68 507

NdBaMn2O5.5 10 1.67 508

NiFe-LDHa 10 1.7 510

O-CoMoS 10 1.6 512

NiCo2S4 10 1.6 513

MoS2-NiS2 10 1.64 514

NiFeSe@NiSe|O@CC 10 1.56 516

CoNiSe2@CoNi-LDH/
NF

10 1.44 517

CoP@FeCoP 10 1.68 519

C@CoP-FeP/FF 100 1.74 520

Ni-Co-Fe-P NBs 10 1.46 521

Ni-Fe-MoN NTs 10 1.513 524

CoFe-NA/NF 10 1.564 525

CoSn2 10 1.55 527

FeCoNiMnRu/CNFs 100 1.65 528

Co3O4-MTA 10 1.63 529

ceria/Ni-TMO 10 1.58 530

MoS2/NiS2 10 1.59 531

MoS2/NiS 10 1.61 532

La-NMS@NF 100 1.72 533

CoMoSx/NF 500 1.89 534

Electrocatalysts
Current density
(mA cm−2)

Cell voltage
(V) Ref

Ni2P-Ni3S2 10 1.5 535

N-CoS2/NF 10 1.5 536

N-NiMoO4/NiS2 10 1.6 537

Ni3S2/MnO2 10 1.52 538

CoSx-Ni3S2 100 1.63 539

Co9S8/Ni3S2 10 1.64 540

Se-MnS/NiS 10 1.47 541

Cu@Cu2S 20 1.61 542

CuCo2S4/CC 10 1.58 543

P-CoNi2S4 YSSs 10 1.544 544

Co-Ni3S2 10 1.54 545

Ni-Mo-S 100 2 546

NiFe/(Ni,Fe)3S2 400 1.9 547

Co3Se4/CF 10 1.59 548

p-CoSe2/CC 10 1.62 549

NiSe2Ni2P/NF 10 1.5 550

two-tiered NiSe 10 1.69 551

CoFe PBA@CoP 10 1.542 552

(Fe-Co)Se2 10 1.59 553

Cu-14-Co3Se4 10 1.62 554

(Ni,Co)0.85Se 10 1.65 555

NiCo2Se4 10 1.68 556

CoNiSe/C/NF 10 1.6 557

CeO2-NiCoP 500 1.82 558

Ni5P4 10 1.7 559

Ni-P film 10 1.67 560

Ni1Mo1P NSs@MCNTs 10 1.601 561

NiCoP/rGO 10 1.59 562

Mo-CoP 10 1.56 563

Co2P/Mo2C/
Mo3Co3C@C

10 1.74 564

CoP@PNC 10 1.52 565

CoPS@NPS-C 10 1.62 566

Co0.17Fe0.79P/NC 10 1.66 567

Co/CoP-HNC 10 1.68 568

FeNiP/NC 10 1.54 569

Co4Ni1P 10 1.59 570

CoP/NCNHP 10 1.64 571

CoP/rGO-400 10 1.7 572

Ni2P/rGO 10 1.61 573

Co-Mo-P@NCNS 10 1.58 574

NiFe-P@GNS 10 1.578 575

Fe-Ni2P/C 500 1.66 576

Mn-NiCoP 100 1.69 577

Fe0.27Co0.73P 10 1.68 578

Ni2P 10 1.52 579

Co-P@PC 10 1.6 580

H-CoP@NC 10 1.72 581

CoPO 10 1.52 582

Ni-Fe-P@C NRs 10 1.52 583

CoP NS/CC 10 1.67 584

Co4N-VN1‑xOx/CC 10 1.64 585

TiN@Ni3N 10 1.64 586

Ni3FeN/r-GO-20 10 1.6 587

Co4Mo2@NC/Ti 10 1.74 588

Fe-Co films 10 1.68 589
a1.0 M NaOH.
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two-electrode system assembled with CoFe-NA/NF couple
achieved 10 mA cm−2 at a cell voltage of 1.564 V and
maintained excellent stability for over 50 h in 1.0 M KOH.
Multimetal alloys exhibit unique crystallographic and

electronic properties, leading to unexpected electrocatalytic
behavior.526 Driess and coworkers employed solution chem-
istry for the controlled synthesis of CoSn2 nanocrystals.

527

Under basic conditions, the loss of Sn from the lattice and
oxidation of Co led to the formation of highly disordered
amorphous active CoOx(H) as OER active species. The Co0

atom in CoSn2 then acted as the active site for HER, and the
presence of Sn ensures excellent conductivity. As a result, the
as-prepared CoSn2/NF couple exhibited high activity,
achieving 10 mA cm−2 with a cell voltage of only 1.55 V.
Recently, Zhu and coworkers developed a FeCoNiMnRu high-
entropy alloy (HEA) system on carbon nanofibers (FeCo-
NiMnRu/CNFs) with diverse active sites to overcome the
limitations of single-element catalysts.528 XRD analysis of
FeCoNiMnRu/CNFs (Figure 55a) revealed no peaks corre-
sponding to Fe, Co, Ni, Mn, Ru, or metal oxides, indicating the
presence of a single face-centered cubic ( fcc) phase of the HEA
alloy. Temperature-dependent in situ XRD patterns (Figure
55b) demonstrated that at 600 °C, only the FeNi alloy phase is
observed; while at 800 and 1000 °C, the Mn3Co7 phase
coexists with the HEA fcc phase, which is transformed entirely
into the HEA fcc phase with increasing temperature and
prolonged heat treatment. The authors concluded that the
combination of high temperature and extended heat treatment
facilitates the complete mixing of multiple metal atoms, as
illustrated in Figure 55c. Subsequently, an alkaline OWS
electrolyzer was fabricated using FeCoNiMnRu/CNFs as the
bifunctional electrocatalyst, and the FeCoNiMnRu/CNFs
couple required only 1.65 V at 100 mA cm−2. DFT calculations
(Figure 55d,e) revealed that the electronegativity di�erence
among the mixed elements in the HEA induces significant
charge redistribution, resulting in highly active Co and Ru sites
with optimized adsorption to simultaneously stabilize HO*

and H* intermediates. This enhanced the e%ciency of water
dissociation under alkaline conditions. The electrocatalytic
OWS activities of diverse bifunctional electrocatalysts in
alkaline solutions are summarized in Table 5.

5. BIFUNCTIONAL ELECTROCATALYSTS FOR HYBRID
WATER SPLITTING

Although developing bifunctional electrocatalysts for overall
water splitting can avoid the requirement for separate synthesis
of single functional HER and OER electrocatalysts and thus
reduce the overall cost, OER still couples with HER in
traditional OWS, leading to several challenges: (1) low energy
conversion e%ciency, the OER is thermodynamically sluggish
due to the four-electron transfer process, requiring much
higher overpotentials than HER with two-electron transfer and
usually consuming ∼90% electrical energy;51,590−593 (2) safety
issues, OER and HER occur simultaneously during water
splitting and hence explosive H2/O2 gas mixtures may form
arising from possible gas crossover;594−600 (3) low economic
benefit and high cost, O2 is not only regarded as a byproduct
because of its low economic value but also may lead to
membrane degradation due to the formation of reactive oxygen
species (ROS).99,598,601,602

In light of this, a concept of hybrid water splitting (HWS)
has been proposed to replace OER.51,99,315 Electro-oxidation of
carefully selective substrates with favorable kinetics relative to

OER can dramatically reduce anodic potentials and at the same
time, produce value-added chemicals for food, pharmaceutical
and chemical industries, as well as sustainable alternatives to
fossil fuels.103,317,318,603−612 These alternative substrates
include hydrazine, ammonia, urea, alcohols, aldehydes, amines,
biomass derivatives, bio/plastic wastes and so on.609,613−620

Therefore, hybrid water splitting (HWS) would be more
economically feasible. In this section, we summarize the
bifunctional electrocatalysts-driven hybrid water splitting
(HWS) that use alternative oxidation reactions to replace
OER. Based on the substrates’ functionalities and properties,
these alternative oxidation reactions can be divided into three
categories, including sacrificing agents oxidation, pollutants
oxidative degradation, and organics oxidative upgrading.

5.1. Hybridizing with Sacrificing Agents Oxidation

If a small-molecule is electro-oxidized to degraded or worthless
product(s), it can be regarded as a sacrificing agent. In this
respect, hybridizing with sacrificing agents oxidation (SAO)
will increase the overall cost of HWS. However, benefiting
from its extremely low oxidative potential, the SAO-coupled
hybrid water splitting can obtain a cell voltage much lower
than that of overall water splitting (OWS), which substantially
reduces the energy input for hydrogen generation. Typical
small molecules that fall into this category include
hydrazine,104,621,622 ammonia,623,624 and urea.625−627

5.1.1. Hydrazine Oxidation. Hydrazine (N2H4), as an
industrial raw material in agriculture, pharmaceutical, and
chemical industries, is well soluble in water with more
favorable oxidation than water.628−634 The typical hydrazine
oxidation reactions (HzOR) in alkaline and acidic solution are
given below:

+ = + +N H 4OH N 4H O 4e
2 4 2 2

= + +
+ +

NH NH N 4e 5H
2 3 2

The thermodynamic potential of HzOR is only −0.33
V.606,609 More importantly, there is no greenhouse gas
releasing during HzOR with nitrogen being the main product.
Sun and coworkers reported an impressive work on coupling

HzOR with HER for hybrid water splitting. In their work, the
Ni2P on Ni foam nanoarrays (Ni2P/NF) prepared by high-
temperature phosphorization of Ni(OH)2/NF was used as a
high-performance bifunctional electrocatalyst for both HzOR
and HER.609 Remarkably, the resulting Ni2P/NF showed an
early and sharp rise of anodic current in the presence of
hydrazine, indicative of greatly enhanced HzOR activity. It
required a potential of only −25 mV vs RHE to drive 50 mA
cm−2 in 1.0 M KOH containing 0.5 M N2H4. Moreover, the
Ni2P/NF couple achieved 500 mA cm−2 at a cell voltage of
only 1.0 V with a Faradaic e%ciency (FE) of 100% for H2

evolution, in contrast to that of 1.6 V at 20 mA cm−2 for OWS.
Additionally, this hybrid electrolyzer can remain stable for 10 h
at 100 mA cm−2. Subsequently, many other bifunctional and
noble-metal-free electrocatalysts with single-component like
tubular CoSe2 were designed, which achieved 10 mA cm

−2 at a
cell voltage of only 0.164 V in 1.0 M KOH with 0.5 M
N2H4.

619

Besides, multicomponent bifunctional electrocatalysts with
tunable electronic structures and multiple active centers were
also developed. For example, Xie and coworkers investigated
the role of heterointerfaces in HWS. The hierarchical porous
nanosheet array with abundant Ni3N−Co3N heterointerfaces

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00332
Chem. Rev. 2024, 124, 3694−3812

3758

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


was obtained as a highly active nonprecious electrocatalyst for
HER and HzOR in alkaline media (1.0 M KOH).635 Applied
potentials of only −43 and −88 mV vs RHE were required to
a�ord 10 mA cm−2 for HER and HzOR, respectively, both of
which were lower than those for single Ni3N and Co3N. This
comparison underscored the positive synergy between Ni3N
and Co3N. Note that the Ni3N−Co3N heterointerfaces can
achieve 1000 mA cm−2 at a potential of only 0.2 V vs RHE for
HzOR, significantly lower than the thermodynamic potential of
OER (1.23 V vs RHE). Moreover, this bifunctional Ni3N−

Co3N heterointerfaces-derived two-electrode system delivered
10 and 400 mA cm−2 at cell voltages of only 0.071 and 0.76 V,
respectively. DFT calculations unraveled the critical role of
heterointerfaces between Ni3N and Co3N, wherein the Gibbs
free energy of adsorbed hydrogen (ΔGH) and stepwise
hydrazine dehydrogenation can be optimized, accountable for
improved HER and HzOR, respectively. Recently, the same
group constructed dual nanoislands on Ni/C hybrid nanosheet
array (Ni−C HNSA) by pyrolysis of Ni-based MOF in N2, in
which Ni-decorated carbon shell and exposed Ni atoms were
regarded as active sites for HER and HzOR, respectively.636 As
a result, the Ni−C HNSA displayed applied potentials of −37
mV vs RHE for HER and −20 mV vs RHE for HzOR at 10
mA cm−2. More importantly, the two-electrode electrolyzer
exhibited superb activity achieving 50 mA cm−2 at a low cell
voltage of 0.14 V in 1.0 M KOH with 0.1 M N2H4. Similarly, a

bifunctional copper−nickel nitride (Cu1Ni2−N) with rich
Cu4N/Ni3N interface was synthesized for HzOR-coupled
hybrid water splitting as well, which delivered 10 mA cm−2

at a cell voltage of 0.24 V with excellent stability over 75 h.611

Heteroatom doping is also powerful to tune the electronic
state of the underlying catalysts. Ma and coworkers recently
designed and prepared the Ru single atoms anchored on S
vacancies of WS2 over conductive carbon cloths (CC@WS2/
Ru SAs) bifunctional electrocatalyst by sulfidation of hydro-
thermal WO3 on CC followed by facile galvanostatic
deposition strategy, as shown in Figure 56a.637 Specifically,
the WO3 nanowires were grown on CC by hydrothermal and
calcining process first. Then the WO3 were converted to WS2
by high-temperature sulfidation under sulfur vapor atmosphere
and sulfur-vacancies (VS) were introduced. Finally, Ru SAs
were immobilized onto the VS of WS2 by galvanostatic
deposition for 450 s. As shown in Figure 56b, the spherical
aberration correction (AC) HAADF-STEM image of the as-
prepared CC@WS2/Ru SAs-450 showed a hexagonal structure
where the yellow and blue spheres represented S and W atoms,
respectively. Furthermore, elemental mapping images in Figure
56c revealed the homogeneous and individual distribution of
Ru atoms, suggestive of their atomic dispersion. Figure 56d
showed the schematic crystal structure of 2H WS2 with several
Ru SAs isolated in VS, which was further confirmed by the FT-
EXAFS analysis at Ru K-edge. As shown in Figure 56e, the

Figure 56. (a) Schematic for the preparation of CC@WS2/Ru SAs and crystal transformation from WO3 to WS2/Ru SAs. (b) HAADF STEM and
(c) elemental mapping images of CC@WS2/Ru-450. (d) Crystal structure of 2H phase of WS2 with several Ru SAs isolated in VS. (e) Ru K-edge
FT-EXAFS spectra of CC@WS2/Ru-450, Ru foil, and RuO2. (f) LSV curves of CC@WO3, CC@WS2, CC@WS2/Ru-450, and Pt wire for HER. (g)
LSV curves of the CC@WS2/Ru-450 with variable N2H4 concentrations in 1.0 M KOH for HzOR. (h) LSV curves of two-electrode couples for
CC@WS2/Ru-450 with or without 0.5 M N2H4, as well as Pt wire couple, CC@WS2@Ru NPs couple, and CC couple in 1.0 M KOH with 0.5 M
N2H4. Reproduced with permission from ref 637. Copyright 2022 John Wiley and Sons.
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peaks at 1.63 and 2.2 Å can be attributed to Ru−W and Ru−S,
respectively, ruling out the existence of metallic Ru−Ru and
Ru−O. The HER and HzOR activities of the resulting CC@
WS2/Ru SAs-450 were then examined by linear sweep
voltammetry (LSV) in 1.0 M KOH with and without N2H4.
The LSV curve implied a low potential of merely −32.1 mV vs
RHE for HER at 10 mA cm−2 for CC@WS2/Ru SAs-450,
comparable to that for commercial Pt/C and much lower than
those for controls of CC@WS2 and CC@WO3 (Figure 56f).
Such comparisons clearly emphasized the improved role of
both sulfidation and Ru SAs doping. Additionally, the CC@
WS2/Ru SAs-450 showcased promising HzOR activity in the
same electrolyte after adding N2H4 with di�erent concen-
trations. For instance, with 0.5 M N2H4 in 1.0 M KOH, an
ultralow potential of only −74 mV vs RHE was needed to
reach 10 mA cm−2 (Figure 56g). With the superior HER and
HzOR performance of CC@WS2/Ru SAs-450 in hand, the
authors then fabricated a two-electrode electrolyzer for HzOR-
assisted HWS (Figure 56h). As depicted in Figure 56h, an

ultrasmall cell voltage of only 0.0154 V was required to
approach 10 mA cm−2 for CC@WS2/Ru SAs-450 couple,
much lower than those for CC@WS2/Ru NPs and Pt wire
couples. In sharp contrast, the cell voltage of the same couple
(CC@WS2/Ru SAs-450) for OWS to achieve the same current
density was high to 1.72 V (Figure 56h), indicating a 1.7 V
voltage saving after introducing 0.5 M N2H4. To unravel the
e�ects of Ru SAs and WS2 sites on both alkaline HER and
HzOR, DFT calculations were conducted and the results
indicated that Ru sites facilitate water dissociation and the
strong metal−support interaction induces local structural
polarization to favor hydrogen adsorption on S sites,
synergistically resulting in enhanced alkaline HER. Further-
more, the Ru sites also promoted the rate-determining step
(RDS) of dehydrogenation from *N2H4 to *N2H3 for
accelerated HzOR.
In addition to noble metal doping, Zhang and coworkers

reported that doping nonprecious metals can enhance both the
HER and HzOR as well.638 They constructed the Mo doped

Figure 57. (a) Schematic illustration of a self-powered hydrogen production system. (b) HAADF STEM and the corresponding elemental mapping
images of Fe-CoS2. (c) LSV curves for HER on 20 wt % Pt/C, pristine CoS2 nanosheets and Fe-CoS2 in 1.0 M KOH. (d) LSV curves for HzOR on
20 wt % Pt/C, pristine CoS2 nanosheets and Fe-CoS2 in 1.0 M KOH with 0.1 M N2H4. (e) Free energy profiles of alkaline HER on CoS2(001) and
Fe-CoS2(001) surfaces at 0 V vs RHE. The inset in (e) is the most stable configuration of the intermediate (H*) adsorbed on the surface of CoS2.
(f) Free energy profiles of HzOR on the CoS2(001) and the Fe-CoS2(001) surfaces at 0 V vs RHE. Reproduced with permission from ref 616
under the terms of a CC-BY 4.0 license. Copyright 2018 The Authors, published by Springer Nature. (g) LSV curves of PW-Co3N NWA/NF
couple for HzOR-assisted HWS in 1.0 M KOH with and without 0.1 M N2H4. Reproduced with permission from ref 639 under the terms of a CC-
BY 4.0 license. Copyright 2020 The Authors, published by Springer Nature.
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Ni3N/Ni heterostructure porous nanosheets grown on Ni
foam (Mo−Ni3N/Ni/NF). Benefiting from the synergy of Mo
substitution and abundant Ni3N/Ni interface, the as-prepared
Mo−Ni3N/Ni/NF revealed low potentials of −45 and −0.3
mV vs RHE at 10 mA cm−2 for HER and HzOR, respectively.
Also, the Mo−Ni3N/Ni/NF couple can deliver 10 mA cm

−2 at
a cell voltage of only 0.055 V for the HzOR-assisted HWS,
along with remarkable long-term durability. DFT calculations
deciphered that the Mo substitution and Ni3N/Ni interface,
corporately optimize ΔGH toward HER and dehydrogenation
process for HzOR. Likewise, doping Fe into CoS2 nanosheets
(Fe-CoS2) also resulted in improved HER and HzOR, as
reported by Ding and coworkers.616 They also assembled a
self-powered H2 production system by integrating a direct
hydrazine fuel cell and a HzOR-mediated HWS unit (Figure
57a). Elemental mapping images suggested the successful and
homogeneous Fe doping over the entire CoS2 nanosheets
(Figure 57b). Electrochemical measurements showed that the
Fe-CoS2 endows outstanding bifunctional electrocatalytic
performance for both HER and HzOR in alkaline electrolyte,
better than Pt/C and CoS2 controls (Figure 57c,d),616 as
confirmed by the extremely low applied potentials at given

current densities. For example, the required potentials at 100
mA cm−2 for Fe-CoS2 in 1.0 M KOH were only −129 and 129
mV vs RHE for HER and HzOR (0.1 M N2H4), respectively.
By contrast, the Pt/C needed the relevant potentials of −170
and 170 mV vs RHE, and much higher overpotentials were
needed for pure CoS2 to reach the same current density (>350
mV and 205 mV vs RHE for HER and HzOR), suggesting the
beneficial role of Fe doping. As a result, the Fe-CoS2 couple
achieved 500 mA cm−2 at a low cell voltage of 0.95 V.
Additionally, the resulting self-powered H2 production system
exhibited high H2 evolution rate of 9.95 mmol h

−1 with FE of
98% for 20 h. DFT calculations demonstrated that Fe doping
leads to a more thermoneutral value for hydrogen adsorption
over Fe-CoS2(001) (ΔGH = 0.15 eV) compared to that for
bare CoS2(001) without doping (ΔGH = 0.24 eV), suggestive
of the favorable HER (Figure 57e). For HzOR, the theory
computations revealed that Fe doping into CoS2(001)
enhances N2H4 adsorption and favors the following dehydro-
genation with reduced ΔG from 0.88 to 0.56 eV, owing to a
lower electronegativity of Fe atoms compared to Co atoms
which resulted in a stronger interaction between Fe and
negatively charged N atoms (Figure 57f). Besides single cation

Table 6. Summary of Bifunctional Electrocatalysts for HzOR-Assisted Hybrid Water Splitting (HWS)

Electrocatalysts Electrolytes (x M KOH + y M N2H4) Current density(mA cm−2) Cell voltage (V) Ref

Ni2P/NF 1.0 + 0.5 500 1.0 609

Cu1Ni2-N 1.0 + 0.5 10 0.24 611

Fe-CoS2 NSs 1.0 + 0.1 500 0.95 616

CoSe2 1.0 + 0.5 10 0.164 619

RhIr MNs 1.0 + 0.5 10 0.13 622

100 0.604

Ni3N-Co3N 1.0 + 0.1 10 0.071 635

400 0.76

Ni-C HNSA 1.0 + 0.1 50 0.14 636

100 0.25

150 0.34

200 0.40

WS2/Ru SAs 1.0 + 0.5 10 0.0154 637

Mo-Ni3N/Ni/NF 1.0 + 0.1 10 0.055 638

300 0.423

PW-Co3N NWA/NF 1.0 + 0.1 10 0.358 639

50 0.428

100 0.501

200 0.607

RhRu0.5-alloy 1.0 + 1.0 10 −0.048 642

100 0.054

853 0.6

Ni NCNAs 1.0 + 0.3 10 0.023 643

892 0.485

Ni2P/Zn-Ni-P 1.0 + 0.1 10 0.165 644

100 0.358

400 0.532

NiCo-MoNi4 HMNAs/NF 1.0 + 0.1 250 0.63 645

Cu3P/CF 1.0 + 0.5 100 0.72 646

Mn-SA/BNC 1.0 + 0.5 10 0.41 647

Ni(Cu)/NF 1.0 + 0.5 100 0.41 648

Rh/RhOx NSs 1.0 + 0.5 10 0.068 649

100 0.279

Rh/N-CBs 1.0 + 0.5 10 0.18 650

20 0.2

Au@Rh ultra-NWs 1.0 + 0.1 10 0.18 651

RuP2/C 1.0 + 0.3 10 0.023 652

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00332
Chem. Rev. 2024, 124, 3694−3812

3761

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


doping, introducing single anion or anion/cation codopants is
also beneficial for improved electrocatalytic applications.639,640

For example, Zhang and coworkers recently reported an
anion/cation dual-doping strategy to fabricate bifunctional P,
W codoped Co3N nanowire arrays on Ni foam (PW-Co3N
NWA/NF).639 Because of the optimized hydrogen adsorption/
desorption and dehydrogenation kinetics after dual-doping, the
PW-Co3N NWA/NF displayed improved electrocatalytic
activities for HER, HzOR, and HzOR-assisted HWS. The
PW-Co3N NWA/NF required potentials of only −41 and −55
mV vs RHE to a�ord 10 mA cm−2 for HER and HzOR (0.1
M) in 1.0 M KOH, respectively. Also, a low cell voltage of only
0.028 V was needed for PW-Co3N NWA/NF couple-driven
two-electrode system for H2 generation assisted by HzOR
(Figure 57g).
In view of the involvement of harmful species during

synthesis of metal compounds like NH3, PH3 and so on,
directly developing metals or their alloys-based bifunctional
electrocatalysts without the need of these harmful species is
desirable. Guay’s group used rotating disk electrode (RDE)
voltammetry to explore a number of metals, including first-row
transition metals (Co, Ni), coinage metals (Ag, Au), and Pt
group metals (Ru, Rh, Pd, Ir, Pt) for HzOR in 1.0 M
NaOH.641 The results demonstrated that both Ru and Rh
exhibit the lowest half-wave potentials among them, hinting
their priority role as HzOR electrocatalysts irrespective of the
cost. Duan and coworkers reported that alloying Ru with Rh

can bring synergistic benefits to lower the overpotential and
inhibit side reaction for HzOR as well as promote HER.642 By
using a facile solvothermal method, they synthesized ultrathin
RhRu0.5-alloy wavy nanowires as a bifunctional electrocatalyst
for both HzOR and HER in 1.0 M KOH. Compared with Rh
wavy nanowires-based anode and cathode, the RhRu0.5-alloy
wavy nanowires couple showed improved performance of
hydrazine-assisted HWS with ultralow cell voltages of 0.054
and 0.6 V to a�ord 100 and 853 mA cm−2, respectively. DFT
calculations revealed that the d-band center of surface Rh
atoms is downshifted relative to the Fermi level (EF) by 0.26
eV in comparison with Rh after alloying, leading to weakened
interaction with adsorbates and facilitated N2 desorption for
enhanced HzOR. Additionally, alloying also optimized the
adsorption of H with a value of −0.23 eV, more favorable than
the Rh counterpart. Examples about bifunctional electro-
catalysts for hydrazine-assisted hybrid water splitting can be
seen in Table 6.
5.1.2. Ammonia Oxidation. Liquid ammonia is a

potentially nontoxic medium for hydrogen storage, which is
more common and more readily obtainable compared with
hydrazine.653,654 Moreover, the oxidation of ammonia with a
thermodynamic potential of −0.77 V is also thermodynami-
cally more favorable than OER. Ammonia oxidation reaction
(AOR) is as follows:655,656

+ = + +2NH 6OH N 6H O 6e
3 2 2

Figure 58. (a) Schematic illustration of the preparation process of LNCO55-Ar. (b) Perovskite structure. (c) XRD patterns of as-synthesized LNO-
Ar, LNCO73-Ar, LNCO55-Ar, and LNCO37-Ar. (d) SEM image of LNCO55-Ar. (e) CV curves of LNCO55-Ar electrode in 0.5 M KOH with and
without 55 mM NH4Cl. (f) LSV curves of LNCO73-Ar, LNCO55-Ar, and Pt/C for HER in Ar-saturated 0.5 M KOH solution at a scan rate of 10
mV s−1. (g) LSV curves of symmetric ammonia electrolyzer based on LNCO55-Ar (SAE-LNCO55-Ar) and SAE-Pt/C in 0.5 M KOH with 2210
ppm of NH4Cl. Reproduced with permission from ref 658 under the terms of a CC-BY 4.0 license. Copyright 2021 The Authors, published by John
Wiley and Sons.
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To improve the kinetics of AOR, Mei and coworkers
prepared a bifunctional electrocatalyst of N-doped NiZnCu-
LDH with reduced graphene oxide grown on Ni foam (N-
NiZnCu LDH/rGO) by hydrothermal and calcination
procedures.657 The multiple active sites in N-NiZnCu LDH/
rGO modulated adsorption and desorption of H, and
collectively resulted in enhanced AOR performance. For
example, low potentials of −183 mV and 621 mV vs RHE
were required over N-NiZnCu LDH/rGO to a�ord 100 mA
cm−2 for HER and AOR in 1.0 M KOH with 0.3 M NH4Cl,
respectively. Also, the N-NiZnCu LDH/rGO-based two-
electrode electrolyzer required a cell voltage of 0.489 V at 10
mA cm−2 for AOR-coupled HWS, along with excellent
stability. Tao and coworkers demonstrated that a perovskite
oxide of LaNi0.5Cu0.5O3−δ annealed in Ar (LNCO55-Ar) has
superior bifunctional activities toward both HER and AOR.658

As schematically shown in Figure 58a, the LNCO55-Ar was
synthesized via a sol−gel annealing method followed by a
reduction process. The LNCO55-Ar perovskite had super
physicochemical stability due to the presence of stable BO6

octahedron, sharing corners to form a 3D network (Figure
58b). XRD pattern (Figure 58c) demonstrated that annealing

in Ar does not vary the crystal structures of perovskite and
confirmed the identity of LNCO55-Ar with LaNiO3, di�erent
from the mixed phases for other control samples. SEM image
showed a flake-like morphology for the resulting LNCO55-Ar
(Figure 58d). After introducing 55 mM NH4Cl into 0.5 M
KOH, the CV curves of LNCO55-Ar displayed a remarkable
increase of anodic current density with an onset potential of
0.42 V vs Ag/AgCl, suggesting its good current response to
AOR (Figure 58e). For HER, the potential required to deliver
10 mA cm−2 for LNCO55-Ar was −1.34 V vs Ag/AgCl,
slightly higher than that of commercial Pt/C (Figure 58f). The
symmetric ammonia electrolyzer (SAE) based on bifunctional
LNCO55-Ar was subsequently fabricated for AOR-assisted
HWS, and it exhibited a small onset voltage (∼0.48 V) in 0.5
M KOH with 2210 ppm of NH4Cl (Figure 58g), comparable
to Pt/C-based couple. Chronopotentiometry test demonstra-
ted that the ammonia conversion e%ciency is about 100% after
operating for 100 h. DFT calculations revealed that
incorporation of Cu into the perovskite facilitates the
adsorption of ammonia on the Ni-site, leading to superior
AOR activity. Besides metal oxides/hydroxides, transition-
metal nitrides were also reported as bifunctional electro-

Figure 59. (a) Schematic for the preparation of O-NiMoP/NF. (b) STEM image of O-NiMoP nanotube. (c) LSV curves of O-NiMoP/NF for
UOR and OER in 1.0 M KOH with and without 0.5 M urea. (d) LSV curves of NF, O-NiP/NF, O-NiMoPf/NF, O-NiMoP/NF, and Pt/C/NF in
1.0 M KOH for HER. (e) LSV curves of O-NiMoP/NF couple for UOR-assisted HWS and OWS. Reproduced with permission from ref 670.
Copyright 2021 John Wiley and Sons. High-resolution (f) Ni 2p XPS and (g) P 2p spectra of CoNi2S4 YSSs and P-CoNi2S4 YSSs. (h) LSV curves
of P-CoNi2S4 YSSs couple toward OWS and UOR-assisted HWS. Reproduced with permission from ref 544. Copyright 2021 John Wiley and Sons.
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catalysts for AOR and HER. Liu and coworkers synthesized 1D
nanoneedle nickel−cobalt bimetallic nitride (NiCo2N).

659 The
coexistence of Ni and Co substantiated an optimal electronic
structure of NiCo2N and thus promoted AOR and HER.659 A
symmetric ammonia electrolyzer constructed with NiCo2N
couple required only 0.71 V at 100 mA cm−2 in the 1.0 M
KOH with 1.0 M NH3·H2O.
To further reduce the cell voltage of AOR-coupled HWS,

noble metals with higher activities were introduced. Chen and
coworkers designed and synthesized high-quality platinum
nanocubes (Pt-NCs) with (100) facets.655 The resulting Pt-
NCs displayed outstanding activity and stability for AOR and
HER, so that a symmetric ammonia electrolyzer based on Pt-
NCs couple required only 0.68 V to a�ord 5 mA cm−2 for
hydrogen generation in 1 M KOH with 0.1 M NH4OH.
Similarly, Tao and coworkers developed Pt-SnOx-based
nanoparticles by a simple layer-by-layer method, which
maintained high electrocatalytic performance in terms of
activity and stability for AOR toward e%cient hydrogen
generation.660 Combined electrochemical and physiochemical
characterizations revealed that Pt-SnOx is a trifunctional
electrocatalyst with facilitated ammonia adsorption on SnOx,
hydrogen (H) adsorption on Pt-SnOx, and hydrogen (H)
transfer along the −Sn−OH bond. Chen and coworkers
incorporated Ru into Pt to obtain high-quality PtxRu
nanocubes (PtxRu-NCs) with adjustable composition and
exposed (100) planes.656 For AOR, the Pt6Ru-NCs showed a
mass activity of 192 mA mgPt

−1 and a specific activity of 1.02
mA cm−2, higher than those of other PtxRu-NCs, Pt-NCs, and
commercial Pt. For HER, the resulting Pt6Ru-NCs also showed
the smallest overpotential of 37.6 mV at 10 mA cm−2, relative
to control samples. Moreover, a Pt6Ru-NCs couple-based
ammonia electrolyzer reached 10 mAcm−2 at a low cell voltage
of 0.72 V for hydrogen generation. DFT calculations
demonstrated that the Pt6Ru(100) plane owns the stronger
binding of *NH2 and *NH, more energetically favorable for
AOR. This activity enhancement also reduced the HER
overpotential. In other words, the high bifunctional activity of
Pt6Ru-NCs can be attributed to the crystal e�ect and Pt−Ru
bimetallic synergy.
5.1.3. Urea Oxidation. In addition to hydrazine and

ammonia, urea is another sacrificing reagent and the urea
oxidation reaction (UOR) is thermodynamically more
favorable than OER as well.103,661−665 Typically, UOR
produces N2, CO2, and H2O in alkaline media as shown in
the following equation, with a theoretically thermodynamic
potential of about 0.37 V:626

+ = + + +CO(NH ) 6OH N 5H O CO 6e2 2 2 2 2

To further accelerate its sluggish kinetics due to six-electron-
transfer process,666−668 advanced electrocatalysts are necessary.
Sun and coworkers designed 3D nickel phosphide nanoarrays
on carbon cloth (Ni2P NF/CC) as a bifunctional electro-
catalyst toward urea-assisted energy-saving hydrogen produc-
tion.669 Owing to the decent activity, high chemical stability,
and good conductivity, the resulting Ni2P NF/CC featured
high performance for both UOR and HER, and thus its two-
electrode alkaline electrolyzer for HWS can attain 50 mA cm−2

at a cell voltage of only 1.35 V.669

Recently, bimetallic nickel-based phosphides have been
obtained to simultaneously catalyze UOR and HER as well.
Zhang and collaborators employed combined electrodeposi-
tion and in situ template etching strategy to yield oxygen-

incorporated nickel molybdenum phosphide nanotube arrays
on nickel foam (O-NiMoP/NF), as shown in Figure 59a.670

STEM image demonstrated the formation of nanotubes with
porous walls (Figure 59b). The electrocatalytic UOR activity
of the resulting O-NiMoP/NF was then evaluated in 1.0 M
KOH with 0.5 M urea. As presented in Figure 59c, a current
density of 100 mA cm−2 for UOR was achieved at only 1.41 V
vs RHE, 340 mV lower than that for OER at the same current
density. Such a superior UOR activity of O-NiMoP/NF was
also better than those of oxygen-incorporated nickel phosphide
nanotube arrays (O-NiP/NF) and oxygen-incorporated nickel
molybdenum phosphide nanoparticle film (O-NiMoPf/NF),
underscoring the promotion role of bimetal synergy and
morphology of porous nanotube arrays. HER measurements as
depicted in Figure 59d showed that the O-NiMoP/NF needs
an overpotential of 54 mV to obtain 10 mA cm−2, comparable
to Pt/C and better than O-NiP/NF and O-NiMoPf/NF.
Remarkably, when used as both anode and cathode
simultaneously, the O-NiMoP/NF couple required a cell
voltage of merely 1.55 V to reach 50 mA cm−2 (Figure 59e),
300 mV lower than that for overall water splitting (OWS).
PDOS analysis revealed that the Mo 4d orbital with a broad
range protects the robust valence of Ni sites and promotes the
Ni 3d orbital to a position close to EF for facilitated
intermediates adsorption, collectively leading to improved
electrocatalytic activity. In addition, the energy levels of both P
3p and O 2p orbitals were away from EF, indicating their
electron-rich features which can suppress the overbinding by
Ni−H and Ni−O. All these beneficial e�ects collectively
resulted in the enhanced UOR and HER performance, which
was further confirmed by DFT calculations.
Besides phosphides, transition-metal sulfides have the

advantages of unique d-electron configuration and good
electrical conductivity, thus gaining attention for UOR-coupled
HWS.671 Doping heteroatoms can generate more interfaces
and active sites, and induce atomic distortions or interior
defects to further enhance the intrinsic activity and stability of
metal sulfides. Liu and coworkers constructed a NiS2 doped
with Co and V (NCVS-3) by a two-step hydrothermal
method.102 Thanks to the ternary synergism of Co, V, and Ni,
the optimal NCVS-3 featured with excellent UOR activity with
a potential of 1.5 V vs RHE to a�ord 77 mA cm−2, and rapid
hydrogen production rate of 143 L min−1 gcat

−1 at 1.8 V vs
RHE. Based on the electrochemical experiments, in situ
electrochemical Raman spectroscopy/isotope-labeled mass
spectrometry, and DFT calculations, the roles of Ni, Co, and
V elements were clearly revealed. The authors revealed that
introduction of V atoms reduces the electron density of Ni and
Co, and energy barrier of urea dehydrogenation and mean-
while promotes overlap between S 3p and Ni 3d to enhance
their electron transmission. Moreover, they found that the
coexistence of Co and V atoms also boosts CO fragments
oxidation during UOR, and the presence of S facilitates CO3

2−

decomposition.
Anion doping is also e�ective to tune the electronic

configuration of transition metal sulfides for improved UOR
and HER. Lou and coworkers synthesized porous phosphorus-
substituted CoNi2S4 yolk−shell spheres (P-CoNi2S4 YSSs) via
a facial hydrothermal sulfidation followed by gas-phase
phosphorization.544 High-resolution Ni 2p XPS spectra of P-
CoNi2S4 YSSs shown in Figure 59f revealed higher ratios of
Ni3+/Ni2+ calculated by integrating the corresponding peak
areas. High-resolution P 2p XPS spectra (Figure 59g) revealed
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the P-bonded Co/Ni in P-CoNi2S4. Benefiting from the
advantages of enriched Ni3+ induced by phosphorization, the
P-CoNi2S4 YSSs exhibited excellent activity toward HER and
UOR, a�ording low potentials of −0.135 and 1.306 V vs RHE
at 10 mA cm−2, respectively. Particularly, in a symmetrical
electrolyzer, a cell voltage of 1.402 V was obtained at 10 mA
cm−2, lower than that for OWS (Figure 59h). Wang and
coworkers increased electron delocalization of NiO/Ni@C by
F-doping, which not only provided ready-to-use F-NiO active
sites but also allowed F-NiO/Ni@C to achieve optimum H*

adsorption for HER and a lower energy barrier for UOR.672

The as-configured F-NiO/Ni@C couple cell required a low
cell voltage of 1.37 V to achieve 10 mA cm−2 in alkaline media
(with 0.3 M urea) due to the interphase synergy. Additionally,
binary-nonmetal modification has been reported to show
synergism as well,673−675 similar to that in bimetal electro-
catalysts. For example, Du and coworkers synthesized F, P
codoped Co3O4 nanosheet array on nickel foam (F−P−

Co3O4/NF) as a bifunctional electrocatalyst for UOR-paired
HWS in 1.0 M KOH containing 0.5 M urea, with a low cell
voltage of 1.427 V to achieve 10 mA cm−2.676 DFT calculations
revealed that codoping of F and P optimizes the electronic
structure and hydrogen adsorption, jointly promoting the
electrocatalytic activities. Cao and coworkers reported

amorphous Ni−S−Se/NF with high bifunctional electro-
catalytic activities for UOR and HER.677 The full urea-coupled
HWS driven by Ni−S−Se/NF couple delivered 10 mA cm−2 at
a cell voltage of 1.47 V in 1.0 M KOH with 0.5 M urea. The
introduction of S in Ni−S−Se improved water adsorption
ability, and amorphous oxyhydroxides were regarded as active
species for UOR.
Besides metal compounds, metal alloys were also explored

for UOR-assisted HWS. Xia and coworkers reported a
bifunctional Ni−Mo alloy nanotube, with ultralow potentials
of −44 mV and 1.36 V vs RHE to deliver 10 mA cm−2 for HER
and UOR, respectively.678 The UOR-assisted HWS delivered
10 mA cm−2 at a low voltage of 1.43 V for hydrogen
production. DFT calculations revealed that the Mo center
plays the role of active site for chemisorption and O−H bond
cleavage of H2O, while the hydrogen-evolving site is Ni center.
Wang and coworkers recently coupled CoMn alloy with
CoMn2O4 to construct CoMn/CoMn2O4 with Schottky
heterojunction structure which can facilitate the adsorption
of reactant molecules and the fracture of chemical bonds,
giving rise to low potentials of −0.069 and 1.32 V vs RHE at
10 mA cm−2 for HER and UOR, respectively. Also, a low cell
voltage of only 1.51 V was needed to achieve 10 mA cm−2 for
the UOR-coupled HWS.679 More examples of bifunctional

Table 7. Summary of Bifunctional Electrocatalysts for UOR-Assisted Hybrid Water Splitting (HWS)

Electrocatalysts Electrolytes (x M KOH + y M urea) Current density (mA cm−2) Cell voltage (V) Ref

P-CoNi2S4 YSSs 1.0 + 0.5 10 1.402 544

Ni@NCNT-3 1.0 + 0.5 10 1.56 663

Ni2P NF/CC 1.0 + 0.5 50 1.35 669

O-NiMoP/NF 1.0 + 0.5 50 1.55 670

F-NiO/Ni@C 1.0 + 0.3 10 1.37 672

F-P-Co3O4/NF 1.0 + 0.5 10 1.427 676

Ni-S-Se/NF 1.0 + 0.5 10 1.47 677

Ni-Mo 1.0 + 0.1 10 1.43 678

CoMn/CoMn2O4 1.0 + 0.5 10 1.51 679

W-NiS2/MoO2@CC 1.0 + 0.33 10 1.372 680

Ni2P/Ni0.96S/NF 1.0 + 0.5 100 1.453 681

NiF3/Ni2P 1.0 + 0.33 50 1.83 682

N-WS2/Co3N 1.0 + 0.5 500 1.72 683

N-Co9S8/Ni3S2/NF 1.0 + 0.5 10 1.40 684

Ni/MoC/Ti3C2Tx@C 1.0 + 0.3 10 1.56 685

P-mAuRh film/NF 1.0 + 0.33 100 1.47 686

CoSx/Co-MOF 1.0 + 0.5 10 1.48 687

Co3O4/Ti3C2 MXene 1.0 + 0.5 50 1.49 688

Ni3N/Mo2N 1.0 + 0.33 10 1.36 689

Zn0.08Co0.92P/TM 1.0 + 0.5 10 1.38 690

Ni(OH)2-NiMoOx/NF 1.0 + 0.5 10 1.42 691

Fe-Ni3S2 1.0 + 0.5 100 1.57 692

NiCoPx@NiFeCo-MOF 1.0 + 0.5 100 1.54 693

Ni9S8/CuS/Cu2O/NF 1.0 + 0.33 10 1.47 694

Cu2S@Ni3Se2 1.0 + 0.5 10 1.48 695

V-FeNi3N/Ni3N 1.0 + 0.33 10 1.46 696

Mo-Co-S-Se/CC 1.0 + 0.5 10 1.40 697

P-CoS2/Ti 1.0 + 0.3 10 1.375 698

NiCoB@C 1.0 + 0.33 10 1.34 699

Co0.26-Ni(OH)2 NPs/CF 1.0 + 0.5 10 1.42 700

NiCo2S4/CC 1.0 + 0.33 10 1.45 701

N-NiS/NiS2 1.0 + 0.33 10 1.62 702

NiSe2 1.0 + 0.33 10 1.39 703

Ni3N/rGO@NF 1.0 + 0.5 100 1.51 704

Ni3N NA/CC 1.0 + 0.33 10 1.44 705
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electrocatalysts for UOR-assisted hybrid water splitting can be
seen in Table 7.

5.2. Hybridizing with Pollutants Oxidative Degradation

In the past decades, water pollution has become an urgent
problem worldwide.706 Various technologies including photo-
degradation and catalytic oxidation have been applied to
degrade pollutants in wastewater.707−709 Among them, electro-
chemistry-based technologies show the advantages of high
e%ciency, mild working conditions, easy automation, strong
universality, and low cost.710−713 More importantly, when the
oxidative degradation of pollutants is coupled with hydrogen
production, the energy e%ciency and return can be further
boosted.
5.2.1. Formic Acid/Formate Oxidation. Formic acid/

formate is common in wastewater discharged from chemical
industries of dye production and fabric printing. Fortunately,
the electrochemical technology based on formic acid/formate
electro-oxidation reaction (FAOR/FOR) o�ers a green and
e�ective treatment for their removal.714,715 The FAOR has
di�erent expressions depending on the reaction conditions.
In acidic solution:

= + +
+

HCOOH CO 2H 2e
2

In alkaline solution:

+ = + +HCOO 3OH CO 2H O 2e
3

2

2

Pt- and Pd-based nanostructures are the most active
electrocatalysts for FAOR,640,716−721 and Pt is also the most
e%cient electrocatalysts for HER.722−728 Thus, Pt-based
electrocatalysts have been extensively explored as bifunctional
electrocatalysts for FAOR-assisted HWS for hydrogen
generation. Chen and coworkers synthesized ultrafine Au
core-PtAu alloy shell nanowires (Au@PtxAu UFNWs) by one-
pot route to improve Pt utilization and electrocatalytic
performance.729 The as-prepared Au@Pt0.077Au UFNWs
required potentials of −22.6 mV and 290 mV vs RHE to
a�ord a current density of 10 mA cm−2 for HER and FAOR in
0.5 M H2SO4 with 1.0 M HCOOH, respectively. A hybrid acid
cell was then developed by them using Au@Pt0.077Au UFNWs
as both anode and cathode electrocatalysts for FAOR and
HER, and a low cell voltage of 0.51 V was required to a�ord 10
mA cm−2. DFT calculations revealed that the Au-rich PtAu
alloy nanostructure can optimize adsorption configuration and
strength of reactive species on Pt, promoting the relevant
reactive kinetics. More recently, Chen and coworkers improved
the electrocatalytic FAOR-coupled HWS performance of Pt by
both structure and interface engineering.730 They first
synthesized high-quality holey platinum nanotubes (Pt−H−

NTs) through facile pyrolysis using PtII-phenanthroline
coordination compound as a self-template and self-reduction
precursor. After up-bottom postmodification, the polyallyl-
amine (PA) modified Pt−H−NTs (Pt−H−NTs@PA) can be
obtained. PA modification sharply promoted the electro-

Figure 60. (a) Schematic illustration of the synthesis of Pd/hd-NC. (b) XRD patterns of Pd/hd-NC and hd-NC. (c) SEM image of Pd/hd-NC.
(d) CV curves of Pd/hd-NC and Pd/C in 1.0 M KOH with 0.5 M HCOO−. (e) LSV curves of di�erent electrocatalysts for HER in Ar-saturated
0.5 M H2SO4. (f) LSV curves for FOR in alkaline and HER in acid and alkaline solutions. (g) LSV curves and the recorded power densities for the
alkaline/acid cells with Pd/hd-NC or Pd/C couples. Reproduced with permission from ref 731. Copyright 2021 John Wiley and Sons.
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catalytic activity of Pt−H−NTs for FAOR by changing
reaction pathway, and for HER by proton enrichment at
electrolyte/electrode interface. The FAOR-boosted HWS
system required an operational voltage of only 0.47 V to
reach 10 mA cm−2.
Wen and coworkers developed uniformly dispersed Pd

nanoparticles on a hollow dodecahedron N-doped carbon
network (Pd/hd-NC) as a bifunctional electrocatalyst for FOR
and HER as depicted in Figure 60a.731 XRD patterns in Figure
60b revealed three new di�raction peaks after the introduction
of Pd for Pd/hd-NC, corresponding well to the (110), (200),
and (220) facets of Pd. The SEM image in Figure 60c revealed
a dodecahedron morphology of Pd/hd-NC, inheriting from its
precursor of ZIF-8. The CV curves of Pd/hd-NC obtained in
1.0 M KOH solution with 0.5 M formate (HCOO−)
demonstrated superior electrocatalytic activity for FOR than
that of Pd/C, with current densities of 104 mA cm−2 and 9.5
mA cm−2 at 0.68 V, respectively (Figure 60d). The LSV curve
of Pd/hd-NC in 0.5 M H2SO4 solution shown in Figure 60e
demonstrated a much better HER performance compared to
that of commercial Pd/C, with a small overpotential of 54 mV
at 10 mA cm−2. Such a low overpotential was comparable to
that of 20% Pt/C. Moreover, the acidic HER catalyzed by Pd/
hd-NC occurred at a potential more positive than that for
alkaline FOR as shown in Figure 60f, demonstrating the
feasibility of hybrid alkali/acid self-powered system to achieve
the formate-assisted HER. Figure 60g showed the LSV curves
of the hybrid alkali/acid cell using Pd/hd-NC or Pd/C control
as bifunctional electrodes. With the voltage decreasing from
the open-circuit voltage to 0 V, the current density for Pd/hd-
NC increased to 90 mA cm−2, higher than that for Pd/C
couple (35 mA cm−2). Also, the Pd/hd-NC couple achieved a
maximum power density of 13.5 mW cm−2, 3-times higher
than that of Pd/C couple.
Strain engineering is powerful to optimize the catalytic

activity of electrocatalysts. Wang’s group designed the tensile-
strained PdNi bimetallene as a bifunctional electrocatalyst for

HER and FOR by a CO-confined growth method.732 PdNi
bimetallene had su%cient active sites and modulated the
adsorption/dissociation of intermediates arising from the
introduction of Ni and ultrathin curved geometry. The
bifunctional PdNi bimetallene-based FOR-HER system
achieved a current density of 20 mA cm−2 at a low cell
voltage of 0.51 V.
5.2.2. Phenol Oxidation. Phenol is a typical organic

pollutant with high concentration in industrial wastewater from
chemical engineering, petroleum refining, coal processing,
biopharmaceuticals, and so on,733−736 which poses serious
threat to human health. It is thus of importance to seek green
and e%cient methods to degrade the phenol in waste-
water.737,738

Figure 61a displayed the oxidation pathway of phenol over
nickel foam supported NiMoO4 electrocatalyst reported by
Mao and coworkers.739 Clearly, the phenol can be degraded to
p-phenol, o-phenol, malonic acid, oxalic acid intermediates,
and eventually CO2 and H2O. The combination of phenol
electro-oxidation (POR) and HER is a promising strategy for
simultaneous hydrogen generation and pollution degrada-
tion.739,740 Xu’s group synthesized the vulcanized polyoxome-
talate of [Ni(bipy)2(H2O)]2[(HO2C3H4PO3)2Mo5O15]·
10H2O (NiP2Mo5, bipy = 2,2′-bipyridine; HO2C3H4PO3 =
3-phosphonopropionic acid) via replacing one O2− of
NiP2Mo5 by S

2− (S-NiP2Mo5) as a bifunctional electrocatalyst
for POR and HER in alkaline solution (Figure 61b).740 To test
the POR performance of S-NiP2Mo5, the authors conducted
chronopotentiometric electrolysis at 20 mA cm−2 in 1.0 M
KOH containing 20 mg L−1 phenol for 3 h. With prolonging
electrolysis time, the phenol was gradually oxidized to 1,4-
hydrobenzene, 1,2-hydrobenzene, benzoquinone, maleic acid,
oxalic acid, and acetic acid, as confirmed by the high-
performance liquid chromatography analysis (Figure 61c). A
phenol-removal e%ciency of 94.2% can be obtained for S-
NiP2Mo5, higher than that of NiP2Mo5 (72.1%). Besides high
POR activity, the S-NiP2Mo5 also featured robust stability, as

Figure 61. (a) Schematic of the phenol oxidation pathway. Reproduced with permission from ref 739. Copyright 2021 American Chemical Society.
(b) O2− in the [(HO2C3H4PO3)2Mo5O15]

4−cluster of NiP2Mo5 and S-NiP2Mo5.The [Ni(bipy)2(H2O)]
2+ units are omitted for clarity. (c)

Chromatograms of products during phenol degradation at 20 mA cm−2 over S-NiP2Mo5. (d) Six-cycle phenol degradation test over S-NiP2Mo5. (e)
LSV curves of NiP2Mo5 and S-NiP2Mo5 couples for POR-coupled HWS and OWS in 1.0 M KOH with and without 0.4 M phenol. (f)
Chronopotentiometric curves of S-NiP2Mo5 couple at 50 and 200 mA cm

−2 for POR-coupled HWS. (g) XRD patterns of S-NiP2Mo5 couple before
and after 120 h stability test for POR-coupled HWS. Reproduced with permission from ref 740. Copyright 2020 American Chemical Society.
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revealed by the slight decay of degradation e%ciency after six
cycles (Figure 61d). LSV curves illustrated that the S-NiP2Mo5
requires 1.38 V vs RHE to reach 100 mA cm−2 in 1.0 M KOH
with 0.4 M phenol, suggestive of 360 mV potential saving
relative to that for OER. Combined physiochemical character-
izations suggested that the [Ni(bipy)2(H2O)]

2+ units of S-
NiP2Mo5 function as active sites for POR. Moreover, the S-
NiP2Mo5 also exhibited superior HER activity relative to
NiP2Mo5 in the same electrolyte, with overpotentials of 55 and
94 mV to achieve 10 and 100 mA cm−2, respectively. DFT
calculations rationalized that the optimal adsorption free
energy of H* over S-NiP2Mo5 (ΔG = 0.183 eV) relative to
NiP2Mo5 (ΔG = −0.819 eV) accounts for its good HER
activity. Owing to the outstanding POR and HER activity of S-
NiP2Mo5, they then fabricated a S-NiP2Mo5 couple-based two-
electrode electrolyzer to achieve POR-assisted HWS toward
e%cient hydrogen generation (Figure 61e). As depicted in

Figure 61e, to a�ord 100 mA cm−2, the NiP2Mo5 control
couple needed a cell voltage of 2.11 V for OWS, which can be
reduced to 1.99 V for S-NiP2Mo5 couple. After introducing
phenol into electrolyte, the cell voltage can be further reduced
to 1.54 V for S-NiP2Mo5 couple. These results highlighted the
positive e�ect of both vulcanization on NiP2Mo5 and POR
replacing on improved hydrogen production. After 120 h
electrolysis at 50 and 200 mA cm−2, the S-NiP2Mo5 exhibited
excellent durability, as revealed by the similar XRD patterns
(Figure 61g).
5.2.3. Sulfur Compounds Oxidation. As one of the

sulfur-containing compounds, thiourea (CH4N2S) is an
important industrial material that is usually used as an additive
for reductive bleaching.741,742 It has been found that thiourea
and its metabolic intermediates have great impact on the
environment and animals.743−745 Another industrial raw
material, thiocyanate like sodium thiocyanate (NaSCN), is

Figure 62. (a) Scheme for the synthesis of MP-MOx. (b) SEM image of MP-MOx. (c) Comparison of the cell voltage of MP-MOx couple for TOR
or STOR-assisted HWS and OWS in 1.0 M KOH at 10 mA cm−2. Reproduced with permission from ref 748. Copyright 2020 Elsevier. (d) TEM,
(e) HRTEM, and (f) elemental mapping images of CoNi@NGs. (g) Comparison of LSV curves for SOR and OER on CoNi@NGs. (h)
Photograph of a device with a 1.2 V commercial battery directly driving the decomposition of H2S. (i) Comparison of the projected DOS of S 3p
and its bonded C 2p when S is adsorbed on the surface of pristine graphene, CoNi@Gs, and CoNi@NGs. (j) Free energy profiles of the formation
of polysulfides (Sx*) in the aqueous solution on the surface of N-graphene or CoNi@NGs. Reproduced with permission from ref 108. Copyright
2020 Royal Society of Chemistry. (k) Schematic of molten salts assisted synthesis of WS2 NSs in a 1000 mL blue cap bottle. (l) LSV curves for
SOR on WS2 NSs and controls, and for OER on WS2 NSs. (m) LSV curves for HER on WS2 NSs, carbon black, 20% Pt/C, and C-WS2.
Reproduced with permission from ref 109. Copyright 2022 John Wiley and Sons. (n) Conceptual diagram of SOR-coupled HWS. (o) LSV curves
of MoP/PCC and Pt/PCC couples for SOR-assisted HWS and OWS. Reproduced with permission from ref 759. Copyright 2022 Elsevier.
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widely used in petrochemical, textile, electroplating, and other
industries. The SCN− in wastewater can react with oxidants to
generate highly toxic cyanide chloride or cyanide, posing safety
issues.746,747 Thus, exploring e%cient electrochemical oxida-
tion degradation of these sulfur-containing compounds to
couple with HER is beneficial for both energy and safety
concerns.
Wei and coworkers748 reported a MP-MOx (M = Ni, Fe, and

Mo) bifunctional electrocatalyst that can combine HER with
thiourea or sodium thiocyanate electro-oxidation reaction
(TOR or STOR). Figure 62a displayed the schematic synthesis
of MP-MOx via hydrothermal growth of NiMoO4 nanowire
arrays on nickel foam (NF) followed by Prussian blue (PB)
coating and low-temperature phosphorization. SEM image of
MP-MOx revealed the uniform growth on NF and the
successful formation of nanowires with a diameter of about
400 nm (Figure 62b). High-magnified TEM image revealed a
thin shell with an average thickness of ∼10 nm coated on the
hollow nanowire, and XRD patterns confirmed the existence of
Fe2P and Ni2P in MP-MOx. Electrochemical measurements
suggested the outstanding HER activity of MP-MOx in 1.0 M
KOH with a low overpotential of 26 mV at 10 mA cm−2,
comparable to that of Pt/C. More importantly, the resulting
MP-MOx also processed superior TOR or STOR activity in 1.0
M KOH electrolyte with 0.05 M CH4N2S or NaSCN.
Specifically, it needed potentials of 1.30 V vs RHE for TOR
and 1.31 V vs RHE for STOR to achieve 10 mA cm−2,
approximately 120 mV lower than that for OER. For
integrating HER with TOR or STOR (Figure 62c), the MP-
MOx couple required a voltage of only 1.39 V to deliver a
current density of 10 mA cm−2, suggesting a potential saving of
120 mV compared to that for OWS (1.49 V). Also, this MP-
MOx couple-driven HWS exhibited remarkable stability at 20
mA cm−2 for at least 10 h.
In addition to the above-mentioned sulfur-containing

organics, inorganic sulfides like sulfion (S2−), hydrogen sulfide
(H2S, HS

−), sulfite (SO3
2−) and so on are usually toxic,

corrosive, or smelly in sewage from tannery, paper mill, and
petrochemical plants.109,749−752 E%cient desulfurization via
sulfides electro-oxidation reaction (SOR) is crucial to environ-
ment protection and human health. In view of the more
favorable thermodynamics of SOR like sulfion (S2−

→ S + 2e−,
−0.48 V vs RHE) than OER, it is attractive to couple SOR
with HER for energy-saving hydrogen production, and
simultaneous conversion of harmful sulfion to valuable sulfur
powder.
Deng and coworkers coupled H2S oxidation with HER

electrocatalyzed by a bifunctional N-doped graphene encapsu-
lated CoNi alloy (CoNi@NGs).108 HRTEM image of CoNi@
NGs showed the presence of metal nanoparticles with an
average diameter of 4−6 nm completely encapsulated by
single-layer graphene layers with a thickness of 3.4 Å (Figure
62d). Also, the lattice fringe of 2.1 Å matched well with the
(111) plane of CoNi alloy (Figure 62e). Elemental mapping
images further confirmed the homogeneous distributions of Co
and Ni in CoNi@NGs (Figure 62f). The electrocatalytic SOR
performance of CoNi@NGs was evaluated in 1.0 M NaOH
with 1.0 M Na2S solutions. As shown in Figure 62g, the LSV
curves for SOR over CoNi@NGs suggested a low onset
potential of only 0.25 V vs RHE at 1 mA cm−2, 1.24 V lower
than that of OER. Such a low oxidation potential enabled a
commercial 1.2 V battery to directly drive the SOR and HER
even on a graphite rod cathode for simultaneous H2S

decomposition and hydrogen bubbles generation (Figure
62h). The SOR activity of CoNi@NGs was superior to
those of control samples including CoNiOx-CNTs, N-carbon,
and 40% Pt/C. Detailed physiochemical characterizations
including online gas chromatography (GC) and in situ
electrochemical UV−vis spectroscopy revealed a FE of 98%
for hydrogen production, and the formation of polysulfides due
to SOR. To rationalize the excellent SOR activity of CoNi@
NGs, DFT calculations were conducted. Considering the steps
of initial S2− adsorption followed by electrochemical oxidation
to S* intermediates and then to S product during SOR, the
authors believed that the binding strength of S* is critical,
which should be neither too strong nor too weak. The ΔG of
S* adsorption on CoNi@NGs was calculated to be −0.29 eV
(ΔGS* = −0.29 eV), closest to the ideal value (0 eV) than
those of N-doped graphene (1.87 eV), Co@NGs (0.84 eV),
Ni@NGs (0.66 eV), and CoNi (−1.76 eV). The calculated
projected density of states (DOS) in Figure 62i showed a
downshifted band center for the C−S bond occupation on
CoNi@NGs relative to CoNi@Gs and graphene, suggesting
the enhanced sulfur adsorption. Electronic state analysis
further revealed that the enriched charge density of the carbon
atoms near the CoNi cluster and nitrogen dopants account for
the improved sulfur adsorption and thus stabilization of the S*

intermediate. Figure 62j displayed Gibbs free energy profiles of
SOR reaction paths containing di�erent adsorbed S species
from initial S* to S4*. The calculated ΔG of all the sulfur
intermediates on CoNi@NGs were lower than those in
solution and on graphene, indicative of favorable polysulfide
formation for CoNi@NGs.
Recently, Wen and coworkers fabricated WS2 nanosheets

(WS2 NSs) through a low-temperature molten-salt-assisted
route (Figure 62k).109 The resulting WS2 NSs exhibited a flaky
morphology as shown in the corresponding TEM image. LSV
curves of the WS2 NSs in 1.0 M NaOH with 1.0 M Na2S
indicated that the potential of SOR at 10 mA cm−2 (0.48 V vs
RHE) is significantly low than that for OER (1.65 V vs RHE),
demonstrating the preference of the former (Figure 62l).
Notably, the SOR activity of WS2 NSs was also better than that
of RuO2 and comparable to that of 20% Pt/C. Additionally,
the WS2 NSs exhibited high HER activity in 0.5 M H2SO4,
with a low overpotential of 214 mV to reach 10 mA cm−2

(Figure 62m). DFT calculations revealed that the rich edge
sites of WS2 NSs contribute to the outstanding electrocatalytic
performance toward alkaline SOR and acidic HER. A three-
chamber flow cell using the bifunctional WS2 NSs as alkaline
anode and acidic cathode was then assembled, wherein
deionized water was flowed through the middle chamber to
separate anolyte and catholyte. The assembled electrolyzer
showed self-powered capability with a current density of 8.54
mA cm−2 at a bias-free voltage for both SOR and HER, with an
average hydrogen production rate of 336.3 L h−1 m−2 and a FE
of 99.22%.
Other transition-metal sulfides like cobalt-based sulfides

have gained great interest owing to their outstanding stability,
excellent adsorption ability of S2− ions, and high conversion
e%ciency of polysulfides,753−755 making them promising for
SOR. Yang and coworkers756 synthesized Co3S4 nanowires
grown on nickel foam as a bifunctional electrocatalyst for SOR-
assisted HWS in seawater, wherein high current densities of
100 and 300 mA cm−2 can be obtained at cell voltages of only
0.496 and 0.608 V, respectively. DFT calculations proved that
the Co3S4 reduces energy barriers of the rate-determining
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SO3
2− to SO4

2− oxidation step, and S8 desorption step. Zhong
and coworkers reported a Cu2S microflake supported on nickel
foam (Cu2S/NF) bifunctional electrocatalyst, exhibiting
excellent activity and stability for both SOR (0.26 V vs
RHE) and HER (−0.18 V vs RHE) at 10 mA cm−2.757 By
coupling the SOR and HER on Cu2S/NF, a current density of
100 mA cm−2 was obtained at a cell voltage of only 0.64 V,
saving over 74% energy consumption for hydrogen generation
compared to the corresponding OWS.
Sulfur dioxide (SO2) generated from fossil fuel power plants,

is a sulfur-containing gas that can induce irrecoverable climate
change and atmospheric pollution.758 Conventional method
for removal of SO2 is to use NaOH solution as adsorbent to
form Na2SO3 followed by further oxidization toward valuable
Na2SO4 with purged air, which is energy-intensive. Therefore,
Moon and coworkers coupled the electrochemical sulfite
oxidation with HER (Figure 62n).759 The MoP/porous carbon
cloth (MoP/PCC) was synthesized by low-temperature
phosphorization of MoO2/PCC. TEM image of MoP/PCC
indicated an average size of 40−50 nm. The MoP/PCC
required an applied potential of 1.25 V vs RHE to reach 10 mA
cm−2 for SOR and its HER performance was insusceptible to
SO3

2−. Based on the above results, a hybrid cell was developed
using MoP/PCC as the bifunctional electrocatalyst for

concurrent SOR and HER. A low cell voltage of 1.34 V was
achieved at 10 mA cm−2 (Figure 62o), lower than those for
OWS based on MoP/PCC and even Pt/PCC couples.
5.2.4. Organic Dyes Oxidation. Another typical pollutant

in wastewater from textile, cosmetic, paper, and leather
industries is organic dye,760−762 which is generally carcinogenic
and mutagenic to organisms. Integrating electrochemical
oxidative decomposition of these organic dyes with preferred
kinetics and HER to achieve simultaneous hydrogen evolution
and dye degradation would gain both economic and ecological
benefits. Using methylene blue (MB) as a model organic dye,
Teng and coworkers demonstrated the feasibility of MB
decomposition and concurrent hydrogen generation in alkaline
solution (1.0 M KOH with 10 mg L−1 MB) using α-MoO3

with a orthorhombic phase as the bifunctional electro-
catalyst.760 The α-MoO3 was prepared by a simple hydro-
thermal method. To highlight the phase-dependent electro-
catalytic activity, a control sample of h-MoO3 with a hexagonal
phase was also included for comparison. XRD patterns
confirmed the successful synthesis of both phase-pure α-
MoO3 and h-MoO3. SEM image revealed the nanowire-like
morphology of α-MoO3 with a diameter of 200−300 nm and a
length of 5−10 μm (Figure 63a), in contrast to hexagonal
microrods of h-MoO3 with 2−5 μm in diameter and 20−30

Figure 63. (a) SEM image of α-MoO3. (b) Crystal structure of α-MoO3. (c) Color change of the MB solution before and after electrolysis. (d) LSV
curves of α-MoO3 and h-MoO3 for HER. Reproduced with permission from ref 760. Copyright 2021 Elsevier. (e) SEM of commercial graphite
electrode. (f) 3D response surface graphs for the influence of pH and potential on MB removal e%ciency. (g) Possible MB degradation pathways.
Reproduced with permission from ref 761. Copyright 2022 American Chemical Society. (h) Conceptual diagram of the usage of CS2.5@NF for
simultaneous wastewater treatment and hydrogen generation. Reproduced with permission from ref 762. Copyright 2023 Elsevier.
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mm in length. Combining physiochemical characterizations
and electrochemical experiments, the authors found that the
interlayers of α-MoO3 (Figure 63b) can facilitate intercalation
reaction of ions and the obvious Jahn−Teller distortion of
MoO6 octahedron in α-MoO3 favors the generation of Lewis
acid sites which benefit adsorption and activation of reactants,
collectively improving the MB oxidation and HER at large
current density. As depicted in Figure 63c, the color of 1.0 M
KOH with 15 mg L−1 MB solution changed from dark purple
to light purple after electrolysis at 1.6 V vs RHE for 2 h,
consistent with the gradual decrease of absorption peaks at 610
and 640 nm. These results proved the MB degradation during
electrooxidation. Notably, the anode potential after introduc-
ing MB at 20 mA cm−2 was reduced by about 240 mV.
Moreover, the α-MoO3 showcased excellent HER activity in
1.0 M KOH (Figure 63d). At an overpotential of 550 mV, the
α-MoO3 a�orded a current density of 358 mA cm−2, much
higher than those of h-MoO3 (218 mA cm−2) and NF (<150
mA cm−2). The smaller Tafel slope of α-MoO3 (117 mV
dec−1) relative to h-MoO3 (184 mV dec−1) further confirmed
the fast HER kinetics of the former.
Besides metal-based materials, Okten’s group recently found

that commercially available flexible graphite, which is low-cost,
highly conductive, and environmentally benign, can serve as a
bifunctional electrode for MB oxidative degradation coupled
with HER.761 SEM image shown in Figure 63e revealed a
rough and undulating surface of the flexible graphite. By
systemically varying the operating conditions such as MB
concentration, solution pH, electrolyte dose, applied potential,
and operating time, along with Box-Behnken experimental
design, the degradation performance of MB was optimized
with minimal tests. For example, Figure 63f demonstrated the
influence of both applied potential and pH on the removal

e%ciency of MB, and suggested that the MB removal e%ciency
is primarily a�ected by applied potential rather than pH.
Increasing applied potential resulted in improved e�ectiveness
of MB removal. According to p- and F-values, they concluded
that the applied potential relative to other parameters has a
greater influence on MB removal. The proposed MB
electrooxidation degradation pathway was depicted in Figure
63g, wherein the formed OH radicals by water oxidation at
anode facilitated MB degradation.
To further increase active surface area, Devi and coworkers

used porous nickel foam (NF) as substrate and candle soot as
the precursor to fabricate NF-supported candle soot-derived
carbon with a mass loading of 2.5 mg cm−2 (CS2.5@NF).

762

The CS2.5@NF was prepared by one-step flame combustion of
NF above the flame tip (Figure 63h). Raman and FT-IR
spectra of CS2.5@NF jointly revealed the formation of
defective carbon with plentiful C−O/C=O, C=C, and −OH
functional groups. High-magnification SEM image indicated
the existence of nanoparticles’ aggregate with an average size of
about 40−50 nm for CS2.5@NF (Figure 63h inset). UV−vis
spectra underscored that around 62% MB (5 ppm in 0.5 M
H2SO4) can be degraded over CS2.5@NF within 90 min. In
addition, the CS2.5@NF exhibited decent HER activity in the
same electrolyte with an overpotential of 117 mV to a�ord 10
mA cm−2. ECSA and EIS measurements revealed that the
superior MB oxidative degradation and HER performance of
CS2.5@NF are ascribed to its low contact/charge transfer
resistances and large active surface area.

5.3. Hybridizing with Organics Oxidative Upgrading

An ideal hybrid electrolysis system should couple HER with
oxidative upgrading reactions which are thermodynamically
more favorable than OER, as it not only decreases overall

Figure 64. (a) SEM and HRTEM images of Ni50Co15Fe30Cu5MEAAs. (b) CV curves of di�erent aerogel electrocatalysts for MOR. (c) LSV curves
of OWS and MOR-coupled HWS for Ni50Co15Fe30Cu5MEAAs couple. Reproduced with permission from ref 763. Copyright 2022 John Wiley and
Sons. (d) SEM and HRTEM images of Co(OH)2@HOS. (e) LSV curves of Co(OH)2@HOS/CP in 1.0 M KOH with and without methanol in a
two-electrode system. Reproduced with permission from ref 617. Copyright 2020 John Wiley and Sons. (f) LSV curves of Co−Rh2 couple (Co−

Rh2||Co−Rh2) and Pt/C||IrO2 couple for MOR-assisted HWS. Reproduced with permission from ref 773 under the terms of a CC-BY 4.0 license.
Copyright 2020 John Wiley and Sons.
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energy inputs but also maximizes the return of the electrolyzer.
Desirable reactions that can meet the above criteria include
alcohols oxidation, aldehydes oxidation, amines oxidation,
biomass oxidation, and plastic wastes oxidation.
5.3.1. Alcohols Oxidation. Electrochemical oxidation of

various alcohols has aroused widespread attention due to their
low toxicity and great promise for carbon neutrality. Besides,
the electrochemical oxidation of alcohols can produce value-
added aldehyde and carboxylic acid as well.763

5.3.1.1. Methanol Oxidation.Methanol (CH3OH) is a kind
of small molecule alcohols with easy availability, low cost,
abundance, and high hydrogen density (12.6 wt %), which can
be obtained from renewable biomass resources.764 Electro-
chemical methanol oxidation reaction (MOR) can generate
valuable formate, and the theoretical thermodynamic potential
is about 0.10 V,765−767 significantly lower than that of OER
(1.23 V).
Medium-entropy alloys (MEAs) have the advantages

(adjustable composition, complex surface, high tolerance,
etc.) of high-entropy alloys (HEAs), and can provide clearer
catalytically active sites than HEAs due to fewer compo-
nents.768 However, it is still a challenge to achieve single-phase
MEA aerogels (MEAAs) limited by the immiscible behavior of
di�erent metals. Guo and collaborators successfully addressed
the synthetic challenge via a general combined autocombustion
and subsequent low-temperature reduction strategy, to obtain
3D Ni50Co15Fe30Cu5 MEAAs with the lowest density among
the reported metal materials.763 SEM image of the resulting
Ni50Co15Fe30Cu5 MEAAs demonstrated a porous structure
(Figure 64a), with the Brunauer−Emmett−Teller (BET)
specific surface area of 8.1 m2 g−1 as determined by N2

sorption experiments. HRTEM image showed a well-resolved
lattice spacing of 0.206 nm, corresponding to the (111) facet
of MEAAs (Figure 64a inset). The MOR activities of
Ni50Co15Fe30Cu5 MEAAs and other low-entropy controls
with fewer components were tested in 1.0 M KOH containing
1.0 M CH3OH by cyclic voltammetry (CV). As shown in
Figure 64b, the quaternary Ni50Co15Fe30Cu5 MEAAs exhibited
the lowest onset potential and the mass activity (MA) can go
up to 1.62 A mg−1 with a specific activity of 132.24 mA cm−2

for MOR at 1.65 V vs RHE. The MOR activity order was
calculated to be Ni50Co15Fe30Cu5 > Ni50Fe30Cu20 >
Ni50Co30Fe20 > Ni80Cu20 > Ni50Co50 > Ni, underscoring the
positive role of multicomponent synergy. Importantly, as
depicted in Figure 64c, the MOR-assisted HWS based on
Ni50Co15Fe30Cu5 MEAAs couple attained a low cell voltage of
1.476 V at 10 mA cm−2, much lower than that of OWS at the
same current density (1.649 V). Also, the cogeneration of
value-added formate instead of oxygen at the anode, and
hydrogen at the cathode can be achieved.
Apart from metallic materials, oxidized metals-based nano-

composites were also explored. Fu and coworkers recently
synthesized a core−shell cobalt hydroxide@hydroxysulfide
nanosheets grown on carbon paper (Co(OH)2@HOS/CP)
as a bifunctional electrocatalyst via electrodeposition followed
by rapid room temperature sulfurization with 10 s.617 High-
magnification SEM image confirmed the nanosheet-assembled
morphology of Co(OH)2@HOS/CP (Figure 64d). HRTEM
demonstrated the lattice fringes of 0.157 and 0.270 nm
corresponding to (110) and (100) planes of Co(OH)2,
respectively (Figure 64d inset). The peripheral thin layer
with a thickness of 2−2.5 nm corresponded to amorphous

Table 8. Summary of Bifunctional Electrocatalysts for MOR-Assisted Hybrid Water Splitting (HWS)

Electrocatalysts Electrolytes (x M KOH + y M methanol) Current density (mA cm−2) Cell voltage (V) Ref

Co(OH)2@HOS/CP 1.0 + 3.0 10 1.497 617

Ni50Co15Fe30Cu5 MEAAs 1.0 + 1.0 10 1.476 763

mPtRh NSs 3.0 + 1.0 10 0.51 769

Co-Rh2 1.0 + 1.0 10 1.545 773

Ru&Fe-WOx 1.0 + 3.0 10 1.38 774

100 1.50

500 1.62

NiIr-MOF/NF 1.0 + 4.0 10 1.39 775

Ni0.33Co0.67(OH)2/NF 1.0 + 0.5 10 1.50 776

20 1.56

50 1.65

100 1.75

VP-Ni2P−Pt/CC 1.0 + 2.0 50 1.1 777

Mo-Co4N 1.0 + 3.0 10 1.427 778

CNFs@NiSe/CC 1.0 + 1.0 100 1.43 779

Au@PdRu RNs 1.0 + 1.0 10 0.88 780

Pt-CoTe/NC 0.5a + 1.0 10 0.68 781a

NiFexP@NiCo-LDH 1.0 + 0.5 50 1.42 782

Pt-CoSe/NC 0.5a + 1.0 10 0.67 783a

Cu2O-Cu@Ni2P/NF 1.0 + 1.0 10 1.40 784

CoxP@NiCo-LDH/NF 1.0 + 0.5 10 1.43 785

NiSe/MoSe2/CC 1.0 + 1.0 10 1.50 786

PdRh bimetallene 1.0 + 1.0 10 0.657 787

NiFe2O4/NF 1.0 + 0.5 100 1.74 788

800 2.00

NiCo 1.0 + 2.0 20 1.47 789

NiCu@Cu 1.0 + 2.0 10 1.45 790
aH2SO4.
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hydroxysulfide. The cell voltage to achieve 10 mA cm−2 based
on Co(OH)2@HOS/CP couple was only 1.497 V for MOR-
assisted HWS in 1.0 M KOH with 1.0 M CH3OH (Figure
64e), lower than that of OWS (1.631 V). Moreover, benefiting
from the unique properties of core−shell structure with partial
surface sulfurization such as abundant active sites, regulated
electronic structure, and strongly coupled heterointerface, the
HWS activity of Co(OH)2@HOS/CP couple also exceeded
those of control bifunctional electrocatalysts including
CoSx(OH)y/CP and α-Co(OH)2/CP.
Relative to non-noble metal-based materials, noble metals

like Rh, Ru, Ir, Pd, and Pt-based nanocatalysts have exhibited
enhanced performance for HER and/or MOR.617,769 Consid-
ering the high cost and limited reserve of noble metals, it is
highly desirable to reduce their usage as well as improving their
catalytic activity. As one of the most promising strategies, the
introduction of second nonnoble metals (e.g., Fe, Co, Ni, etc.)
into noble metal-based catalysts has been studied.770−775 Yang
and coworkers synthesized the Co-doped Rh nanoparticles on
carbon black using ultrathin Co nanosheets as the bridge to
modulate Rh nucleation and growth.773 The Co-doped Rh
nanoparticles with a size of about 1.94 nm (Co−Rh2) exhibited
lower overpotential of merely 2 mV at 10 mA cm−2 than Rh/C
and Pt/C. Furthermore, a high mass activity of 889 mA mg−1

at the peak potential for MOR in alkaline media (1.0 M KOH
with 1.0 M CH3OH) can be achieved as well, about 5-fold

greater than that of Rh/C. The bifunctional two-electrode cell
needed a cell voltage of 1.545 V at 10 mA cm−2 for MOR-
coupled HWS, even lower than that of commercial Pt/C and
IrO2 couple (Figure 64f). As revealed by DFT calculations, Co-
doping downshifted the d-band center of Rh, which optimized
adsorption of intermediates in HER to reduce the energy
barriers of Volmer step and accelerated the conversion of *CO
to *COOH during MOR. Feng and collaborators synthesized a
ternary electrocatalyst of Ru&Fe-WOx for anodic MOR and
cathodic HER in 1.0 M KOH with 3 M CH3OH, delivering
100 mA cm−2 at a cell voltage of only 1.50 V with good
stability and high FEs of nearly 100% and >90% for hydrogen
and formate, respectively.774 By combining experiments and
DFT computations, the authors verified that WOx host and
Ru- and Fe-based dopants synergistically result in optimized
H* adsorption on lattice oxygen for HER and enhanced
HOOC* desorption on Ru site for MOR. Recently, the
introduction of Ni into Ir to obtain NiIr-based metal−organic
framework (MOF) nanosheet arrays (NiIr-MOF/NF) was
reported as the bifunctional electrocatalyst for MOR and
HER,775 which can deliver a current density of 10 mA cm−2 at
1.39 V. More examples of bifunctional electrocatalysts for
MOR-assisted hybrid water splitting (HWS) can be seen in
Table 8.
5.3.1.2. Ethanol Oxidation. Ethanol (EtOH) contains 13.0

wt % hydrogen with the advantages of easy availability and

Figure 65. (a) Schematic for the synthesis of PtCu NF. (b) TEM image of PtCu NF/C. (c) LSV curves of PtCu NF/C and commercial Pt/C in 1.0
M KOH for HER. (d) CV curves of PtCu NF/C and commercial Pt/C for EOR. (e) Cell voltages needed at 10 mA cm−2 for the bifunctional
electrocatalysts toward EOR-coupled HWS. (f) Schematic illustration of the mechanism for EOR and HER on PtCu NF/C. Reproduced with
permission from ref 796. Copyright 2022 American Chemical Society.
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storage. It is thus an ideal substrate for oxidation upgrading to
replace OER toward value-added chemicals and hydrogen
coproduction.791

Our group previously reported that the hierarchically porous
Ni3S2 on nickel foam (Ni3S2/NF) prepared by direct low-
temperature sulfurization of commercial NF at 280 °C for 10
min can function as a bifunctional electrocatalyst for both
ethanol oxidation reaction (EOR) and HER and in alkaline
solution.99 After introducing 10 mM EtOH in 1.0 M KOH, the
onset potential of Ni3S2/NF shifted from ∼1.50 to ∼1.35 V vs
RHE and rapid current rise was observed within 1.40 V vs
RHE, suggestive of more favorable EOR with respect to OER.
To achieve a benchmark current density of 100 mA cm−2, the
oxidative potential for EOR on Ni3S2/NF was ∼190 mV
smaller than that of OER. 1H NMR analysis revealed a near
unity FE for acetate production, and systematic physiochemical
characterizations including SEM and XPS unveiled in situ
surface oxidation restructuring of Ni3S2/NF. Besides the
prominent EOR performance, the Ni3S2/NF also exhibited
good HER activity in 1.0 M KOH, requiring an overpotential
of only 116 mV to reach 10 mA cm−2. Further phosphorization
of transition-metal sulfides like CoS2 would lead to improved
EOR activity, as reported by Cao and coworkers.792 They
prepared P-doped CoS2 nanosheet arrays on carbon cloth
(Co−S−P/CC) and found that the EOR activity of CoS2/CC
in 1.0 M KOH with 1.0 M EtOH is enhanced by P-doping,
with the decreased Tafel slope from 133 to 112 mV dec−1.
By comparison, noble-metal-based electrocatalysts can

further accelerate the EOR-coupled HWS albeit with higher
cost. For example, Pt-based materials have displayed excellent
performance toward HER and/or various small-molecules
oxidation reactions.793,794 Usually, single Pt has mediocre or
even poor selectivity for EOR due to the weak substrates’
adsorption (EtOH and H2O) and C−H bond dissociation
capacities.795 Introducing other elements to form Pt-based
alloy materials is a promising method to improve their EOR
and HER activities. Liu and collaborators designed a three-

dimensional (3D) PtCu nanoframe (NF) with high-index
facets and multichannels through solvothermal treatment and
subsequent etching (Figure 65a).796 TEM image of PtCu NF
confirmed the successful etching of PtCu nanodendrites
(NDs) toward the 3D open structure (Figure 65b). HRTEM
images further revealed the presence of plentiful high-index
(331) facet in PtCu NF. The PtCu NF was then loaded on
Vulcan XC-72R carbon assisted by sonication, and the
resulting PtCu NF/C was used as a bifunctional HER and
EOR electrocatalyst. As demonstrated in Figure 65c, the PtCu
NF/C possessed more exceptional electrocatalytic HER
activity in 1.0 M KOH than commercial Pt/C. For instance,
the overpotential of PtCu NF/C at 10 mA cm−2 was calculated
to be only 76 mV, 46 mV lower than that of Pt/C. Moreover,
the mass activity at 10 mA cm−2 for PtCu NF/C (0.98 A
mgPt

−1) was higher than that for Pt/C as well (0.39 A mgPt
−1).

Then the EOR-to-acetate performance of PtCu NF/C was
further tested in 1.0 M KOH solution containing 0.5 M EtOH.
The CV curves shown in Figure 65d demonstrated that the
PtCu NF/C has a lower ethanol oxidation potential than
commercial Pt/C (0.754 vs 0.794 V vs RHE). The EOR-
assisted HWS based on PtCu NF/C couple required a voltage
of 0.58 V to reach 10 mA cm−2 (Figure 65e), lower than that
for Pt/C control couple (0.75 V). Besides higher activity, the
PtCu NF/C also showed better stability than Pt/C. The
authors ascribed these enhanced HER and EOR performance
of PtCu NF/C to the combination of open 3D structure, Cu
introduction, and high-index facet, which optimized the
adsorption of ethanol and H2O, and improved C−H bond
dissociation of EtOH (Figure 65f). Additionally, alloying Cu
with Pd can lead to improved EOR performance. Zhen and
coworkers reported self-supported 3D PdCu alloy nanosheets
(NSs) as a bifunctional electrode for EOR and HER.797 For
EOR, the onset potential of 3D PdCu alloy NSs was calculated
to be 330 mV vs RHE, lower than that of Pd NSs control (370
mV vs RHE). For HER, the 3D PdCu alloy NSs achieved 10
mA cm−2 at an overpotential of 106 mV, lower than that of Pd

Figure 66. (a) TEM image of PtIr NWs, (b) HADDF-STEM and elemental mapping images of PtIr NWs. (c) LSV curves of PtIr NWs/C couple,
Pt NWs/C couple, and Pt/C couple in 0.5 M H2SO4-contained EtOH solution at a scan rate of 5 mV s−1. (d) The FEs of DEE in di�erent acids at
10 mA cm−2. (e, f) In situ FTIR spectra of the electrocatalytic DEE production over PtIr NWs/C. Reproduced with permission from ref 800.
Copyright 2021 American Chemical Society.
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NSs (235 mV). These enhanced EOR and HER performances
were ascribed to the ultrathin 3D structure and synergistic
e�ect between Pd and Cu. Apart from introducing exotic
metals, Wang and coworkers synthesized S, P-codoped Pd
metallene (PdSP metallene) as the bifunctional electrocatalyst
for EOR-assisted HWS,798 delivering a current density of 10
mA cm−2 at 0.88 V.
Beyond alloying or doping, shape engineering has been

explored as well. For example, 3D palladium nanonetwork
(PdNN) was reported as a bifunctional electrocatalyst for EOR
and HER,799 which can achieve 2.6-fold higher mass activity
with significantly lower CO2 production for EOR and a�ord 10

mA cm−2 at a low overpotential of 110 mV for HER. The
nanonetwork structure was proved to be beneficial to the
exposure of active sites and electron transport.
In addition to producing acetate from EOR, oxidative

coupling of EtOH can yield valuable 1,1-diethoxyethane
(DEE) fine chemicals.800,801 It is of great significance to
control the selectivity of EOR to DEE coupled with hydrogen
production. Guo and collaborators reported PtIr alloy
nanowires (NWs) as the bifunctional electrocatalyst for
simultaneous generation of DEE and hydrogen from EtOH
and water.800 TEM image (Figure 66a) of PtIr NWs presented
ultrafine 1D morphology with a diameter of 1.0 nm and an

Figure 67. (a) Schematic of alcohols oxidation-couped HWS over the hp-Ni bifunctional electrocatalyst. (b, c) SEM images of hp-Ni at di�erent
magnifications. (d) LSV curves of hp-Ni at 2 mV s−1 in 1.0 M KOH with or without 10 mM benzyl alcohol (BA). (e) Conversion or yield (%)
dependence of BA and its oxidation products on passed charges during electrochemical oxidation at 1.423 V vs RHE in 10 mL of 1.0 M KOH
solution containing 10 mM BA (Ph−CHO: benzyl aldehyde; Ph−COOH: benzoic acid). (f) LSV curves of hp-Ni at 2 mV s−1 in 1.0 M KOH
solution containing 10 mM BA, 4-methylbenzyl alcohol (MBA), or 4-nitrobenzyl alcohol (NBA). (g) SEM image of post-BA hp-Ni. High-
resolution XPS spectra of (h) Ni 2p3/2 and (i) O 1s for the fresh and post-BA hp-Ni electrocatalysts. (j) LSV curves and (k) comparison of cell
voltages at various current densities utilizing the hp-Ni couple in 1.0 M KOH solution containing 0 mM and 10 mM BA. Reproduced with
permission from ref 111. Copyright 2017 American Chemical Society.
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average length of 30 nm. HADDF-STEM and element
mapping images (Figure 66b) confirmed the homogeneous
distribution of Pt and Ir along the PtIr nanowire. Before
electrochemical tests in 0.5 M H2SO4-EtOH electrolyte, the
PtIr NWs were loaded on commercial carbon supports
followed by acetic acid and potential cycling pretreatments.
For the EOR toward DEE, the resulting PtIr NWs/C only
required a potential of 0.45 V vs SCE at 10 mA cm−2, lower
than those of Pt NWs/C (∼ 0.92 V vs SCE) and commercial
Pt/C (∼ 0.93 V vs SCE). Besides the prominent EOR
performance, the PtIr NWs/C showed a high HER activity at
−0.15 V vs SCE to achieve 10 mA cm−2, in sharp contrast to
those for Pt NWs/C (−0.28 V vs SCE) and Pt/C (−0.30 V vs
SCE). As a result, the PtIr NWs/C couple required a cell
voltage of 0.61 V for HER and EOR at 10 mA cm−2, much
lower than that of 0.86 V for the commercial Pt/C couple
(Figure 66c). Moreover, the PtIr NWs/C couple can achieve a
FE of 85% for DEE in 0.5 M HClO4-EtOH solution, much
higher than those in 0.5 M H2SO4- (70%) or HNO3 (52%)-
contained EtOH (Figure 66d). The di�erence of FEs in diverse
acids was attributed to their acidity which a�ected the
acetalation rate and extent. To understand the mechanism of
the DEE formation from EOR, in situ FTIR spectroscopy
studies were implemented and the results revealed an
interaction between adsorbed EtOH and PtIr NWs, as revealed

by the redshifts of O−H and −CH2 vibration peaks of EtOH
(Figure 66e). In addition, the two gradually enhanced negative
peaks ascribed to C=O and C−O−C bonds uncovered the
formation of acetaldehyde intermediate and DEE (Figure 66f).
5.3.1.3. Benzyl Alcohol Oxidation. Electrocatalytic benzyl

alcohol oxidation reaction (BAOR) is another ideal alternative
to OER, and its oxidation products are benzaldehyde and
benzoic acid, both of them are widely used as important and
versatile intermediates in pharmaceuticals and fine chem-
icals.111,802

Our group reported a bifunctional 3D hierarchically porous
nickel framework (hp-Ni) electrocatalyst for BAOR-assisted
HWS (Figure 67a),111 which was synthesized via a facile and
environmentally friendly dynamic bubbles-templated electro-
deposition route.8 SEM images (Figure 67b,c) of hp-Ni
revealed the presence of interconnected macropore walls with
abundant smaller macropores (approximately 10 μm). The
hierarchical porosity is conducive to mass transport and gas
di�usion for accelerated BAOR and HER. Figure 67d showed
the LSV curves of hp-Ni at 2 mV s−1 in 1.0 M KOH containing
0 mM or 10 mM benzyl alcohol (BA), revealing an onset
potential shift from 1.51 to 1.35 V vs RHE after BA addition.
Particularly, the high FE and conversion rate for benzoic acid
were achieved (Figure 67e). Additionally, 4-nitrobenzyl
alcohol (NBA) and 4-methylbenzyl alcohol (MBA) were

Figure 68. (a) Schematic for the synthesis of Rh/RhOOH metallene. (b) SEM and (c, d) HAADF-STEM images of Rh/RhOOH metallene. (e)
Raman spectra of Rh/RhOOH metallene and Rh metallene. (f) LSV curves of Rh/RhOOH metallene couple in 1.0 M KOH with and without 6.0
M EG solutions. (g) LSV curves of Rh/RhOOH metallene couple in 1.0 M KOH with 6.0 M EG and 1 M KOH with 6 M EG and seawater
solutions. (h) Chronopotentiometry curves of Rh/RhOOH metallene couple at 10 mA cm−2 in 1 M KOH with 6 M EG and seawater solutions for
20 h. The inset in (h) illustrates the measured H2 quantity and theoretical values at cathode. Reproduced with permission from ref 805. Copyright
2022 John Wiley and Sons.
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subjected to similar electrocatalytic oxidation, with similar
onset potential in comparison to BA (Figure 67f). This result
indicated that the catalytic onset potentials of these three
alcohol oxidations are predominantly determined by the
desirable oxidation state of the underlying electrocatalyst
instead of their intrinsic thermodynamics. After the stability
tests of the hp-Ni electrocatalyst (denoted as post-BA hp-Ni),
the electrocatalyst can maintain 3D hierarchical porous
morphology (Figure 67g). XPS spectra of post-BA hp-Ni
relative to the fresh counterpart revealed a decreased peak at
852.6 eV ascribed to metallic Ni, an increased peak at 856.0 eV
attributed to oxidized Ni species, and enhanced peak intensity
of O 1s, indicative of the partial oxidation reconstruction of
metallic Ni (Figure 67h,i). Furthermore, the BAOR-coupled
HWS electrolyzer based on hp-Ni can a�ord 10, 20, 50, and
100 mA cm−2 at the cell voltages of 1.50, 1.54, 1.60, and 1.66
V, respectively, significantly smaller than those of OWS
(Figure 67j,k). In addition, the FEs of benzoic acid and H2

can be attained as high as 97% and nearly 100%, respectively.
As expected, the hp-Ni exhibited promising HER activity in 1.0
M KOH as well, with an overpotential of approximately 219
mV at a current density of 50 mA cm−2.

In addition to metallic Ni, we reported that the Ni3S2/NF is
also bifunctionally active for both BAOR and HER in alkaline
solution, with ∼190 mV voltage saving at 100 mA cm−2

relative to OWS.99 Later, Wang and collaborators reported
that CuCo nitride can catalyze BAOR and HER as well.802 By
employing combined hydrothermal, carbon coating and NH3

calcination, they obtained a self-supported hierarchical porous
nitrogen-doped carbon-coated CuCo2Nx on carbon fiber
(NC@CuCo2Nx/CF). The NC@CuCo2Nx/CF only required
a cell voltage of 1.55 V for BAOR-coupled HWS at 10 mA
cm−2 in 1.0 M KOH containing 15 mM BA, much smaller than
that of OWS based on Pt/C and IrO2 couple. DFT calculations
revealed that the modulation of key species adsorption owing
to the synergistic e�ect between CoN and CuN benefits the
electrocatalytic activities.
5.3.1.4. Ethylene Glycol Oxidation. Ethylene glycol (EG) is

the simplest diatomic alcohol, with many advantages of low
toxicity, low cost, and convenient storage.803 One of its
oxidative products, glycolic acid, has been widely used in
diverse fields, such as adhesives, metal cleaning, leather
processing, textiles, and healthcare products. More impor-
tantly, the thermodynamic potential of ethylene glycol

Figure 69. (a) Scheme for the synthesis of NiVRu-LDHs NAs/NF. Potential-dependent operando Raman spectra of the NiVRu-LDHs NAs/NF
anode collected in (b) 1.0 M KOH with 0.1 M glycerol and (c) 1.0 M KOH. (d) LSV curves of NiVRu-LDHs NAs/NF couple for GLOR-paired
HWS and OWS in 1.0 M KOH with and without glycerol. (e) Schematic illustration of the two-electrode flow cell configuration. (f) LSV curves for
GLOR-paired HWS and OWS over NiVRu-LDHs NAs/NF couple using the flow cell. Reproduced with permission from ref 815. Copyright 2023
John Wiley and Sons.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00332
Chem. Rev. 2024, 124, 3694−3812

3777

https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig69&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig69&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig69&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig69&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


oxidation reaction (EGOR) toward glycolic acid is only 0.57 V
vs RHE, much lower than that of OER.804

Two-dimensional (2D) metallene with large surface area,
atomic-level thickness, and outstanding electron transport
property has been employed as high-performance electro-
catalysts in various electrocatalytic fields.805−809 Wang’s group
synthesized the partially hydroxylated Rh metallene (Rh/
RhOOH metallene) using hydrothermal method for EGOR-
assisted seawater electrolysis (Figure 68a).805 SEM and
HAADF-STEM images of Rh/RhOOH metallene showed a
typical ultrathin nanosheet morphology (Figure 68b,c).
Notably, the Rh/RhOOH metallene featured a defect-rich
structure (Figure 68d). Raman spectra showed a typical peak at
∼515 cm−1 ascribed to Rh−O vibration (Figure 68e),
indicative of the formation of surface RhOOH species
contributing to the stabilization of 2D ultrathin Rh/RhOOH
metallene. The Rh/RhOOH metallene required a low
overpotential (29 mV) to attain 10 mA cm−2 for HER.
Moreover, for a two-electrode EGOR-assisted HWS, a current
density of 10 mA cm−2 can be obtained at a cell voltage of only
0.678 V, much lower than that for OWS (1.548 V), as depicted
in Figure 68f. Such superior bifunctional activity can be
maintained in alkaline seawater (Figure 68g). Moreover, the
Rh/RhOOH metallene couple presented remarkable stability
at 10 mA cm−2 for 20 h during EGOR-assisted hydrogen
generation with ∼100% FE (Figure 68h).
Subsequently, Wang and coworkers synthesized PtRh

nanowires with Rh atom modification (PtRh0.02@Rh NWs)
as the advanced bifunctional electrocatalyst for EGOR-coupled
HWS system.810 Due to the regulated electronic structure, the
introduction of heteroatom active centers, and the lattice
strain, the PtRh0.02@Rh NWs exhibited excellent HER and
EGOR activities. The PtRh0.02@Rh NWs obtained low
overpotentials of 30.6 and 45.8 mV to reach a current density
of 10 mA cm−2 for HER in alkaline and seawater electrolytes,
respectively. Additionally, the PtRh0.02@Rh NWs-based HER-
EGOR two-electrode system can deliver 10 mA cm−2 at a cell
voltage of 0.66 V in 0.1 M KOH solution containing 0.5 M EG,
much smaller than that of OWS (1.57 V). In situ FTIR
spectroscopy showed that PtRh0.02@Rh NWs promote the
formation of C2 intermediates, contributable to the production
of high-value glycolic acid.
5.3.1.5. Glycerol Oxidation. Glycerol (C3H8O3) is a low-

value-added byproduct during the production of biodiesel,
which is used in pharmaceutical industry.811 Electrocatalytic
glycerol oxidation reaction (GLOR) can selectively produce
various products and intermediates with higher economic
value, such as dihydroxyacetone (DHA), glyceraldehyde
(GALD), glyceric acid (GLA), formic acid (FA) and so
on.812 More importantly, the thermodynamic potential of
GLOR toward FA is 0.69 V, making it possible to replace OER.
Several non-noble metal-based HER electrocatalysts have

been proved to be active for GLOR, showing promise in
GLOR-coupled HWS.813 For instance, Shi’s group synthesized
the nickel−molybdenum−nitride nanoplates loaded on carbon
fiber cloth (Ni−Mo−N/CFC) and its GLOR performance was
tested in 1.0 M KOH containing 0.1 M glycerol.813 The Ni−
Mo−N/CFC showed an excellent GLOR activity with a
potential of 1.30 V vs RHE to reach 10 mA cm−2, much lower
than that of OER (1.57 V vs RHE). In addition, the
overpotential of Ni−Mo−N/CFC at 10 mA cm−2 for HER
was only 40 mV. Therefore, the bifunctional Ni−Mo−N/CFC
couple-based electrolyzer required a cell voltage as low as 1.36

V to achieve 10 mA cm−2, with high FEs of 99.7% for hydrogen
evolution and 95.0% for formate production. Furthermore,
they confirmed that the formed formate comes from both the
primary and secondary carbons of glycerol by using 13C-labeled
glycerol as a reactant.
Considering the critical role of hydroxyl adsorption on the

catalyst surface for GLOR,814 exploring (oxy)(hydr)oxides
such as layered double hydroxides (LDHs) nanomaterials
featuring high oxophilicity is desirable. Xie and coworkers
designed ternary NiVRu-LDHs nanosheet arrays grown on
nickel foam (NiVRu-LDHs NAs/NF).815 Figure 69a schemati-
cally showed the synthetic process, in which NiVRu-LDHs
nanosheet arrays with a thin thickness of 7∼8 nm were
vertically grown on the NF substrate through a facile
hydrothermal method. For GLOR, the NiVRu-LDHs NAs/
NF needed low potentials of only 1.24 and 1.41 V vs RHE to
deliver 10 and 300 mA cm−2 in 1.0 M KOH with 0.1 M
glycerol, respectively, more negative than that for OER (>1.5 V
vs RHE). In addition, the NiVRu-LDHs NAs/NF a�orded 10
mA cm−2 with a low overpotential of 35 mV for HER,
comparable to that of Pt/C. To understand the electrocatalytic
GLOR mechanism, operando Raman spectroscopy analysis
was conducted. As shown in Figure 69b, the characteristic
peaks of the NiVRu-LDHs NAs/NF were basically stable for
GLOR under the applied potential region (Figure 69b), while
during OER process, two peaks at 476 and 555 cm−1 attributed
to the δ(NiIII−O) and ν(NiIII−O) vibrations of Ni-OOH can
be observed and these signals completely disappeared upon the
addition of glycerol (Figure 69c). They believed that glycerol is
oxidized by NiIII with the participation of hydroxyl group and
thus the NiIII is reduced into NiII, accountable for the
disappearance of the typical peaks of NiIII−OOH. The authors
also evaluated the bifunctional performance of NiVRu-LDHs
NAs/NF for GLOR-coupled HWS. As shown in Figures 69d,
the two-electrode glycerol electrolyzer a�orded 10 and 100 mA
cm−2 at voltages of 1.35 and 1.62 V, respectively, smaller than
those of OWS (1.50 and 1.99 V). To further assess the
potential for practical application, a flow cell utilizing the
NiVRu-LDHs NAs/NF as bipolar electrodes was assembled
(Figures 69e), and the device yielded an industry-level current
density of 1 A cm−2 at the voltage of 1.933 V, saving 218 mV
compared to that of OWS (Figures 69f). Also, DFT
calculations showed that doping Ru optimizes Gibbs free
energy of hydrogen adsorption, and facilitates the oxidation of
NiII to NiIII and C−C bond cleavage.
Similarly, Johnsson and coworkers introduced Pt nano-

particles at oxygen vacancies of MoOx nanosheets, yielding the
advanced MoOx/Pt bifunctional electrocatalyst for both
GLOR and HER in 1.0 M KOH with or without 0.1 M
glycerol.816 Combined electrochemistry experiments and DFT
calculations revealed that the MoOx nanosheets strongly
coupled with Pt optimize the adsorption of glycerol molecules
in GLOR and the dissociation of water molecules in HER,
significantly enhancing the specific mass activity of Pt and the
kinetics for both reactions. A 0.90 V voltage saving at 10 mA
cm−2 can be obtained after adding 0.1 M glycerol.
5.3.2. Aldehydes Oxidation. Highly e%cient production

of hydrogen and simultaneous upgrading of aldehydes into
value-added products like carboxylic acids are meaningful and
attractive. Typical aldehydes include formaldehyde,817−819 and
acetaldehyde.820 The formyl group-containing biomass-deriv-
atives such as 5-hydroxymethylfurfural, furfural, and glucose
will be discussed in the section of biomass oxidation (Section
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5.3.4). In light of lower price of formaldehyde (HCHO)
relative to acetaldehyde, electrocatalytic formaldehyde oxida-
tion reaction (FaOR) was routinely used to replace OER for
hydrogen production from water, and its oxidative product,
carbon monoxide, is a vital C1 feedstock to produce
hydrocarbons in chemical industry.821 Although noble metal-
based electrocatalysts have excellent performance in HER, they
are easily poisoned due to the strong adsorption of CO
produced from anodic FaOR. Therefore, advanced nonpre-
cious metal-based electrocatalysts, such as Ni/Co-based
nanomaterials, were explored for FaOR-assisted HWS.
With maximum atomic utilization, well-defined active

centers and unique electronic properties, single-atom catalysts
(SACs) have excelled as a rising star in the field of materials
and catalysis.9 Fan and coworkers fabricated Co−Nx−C@Co
containing abundant atomically dispersed Co−N4 sites and Co
nanoparticles as a bifunctional electrocatalyst for HER and
FOR, via pyrolysis of the Zn/Co bimetal ZIF (Figure 70a).822

As shown in Figure 70b, three distinct di�raction peaks at 2θ =
23.6°, 43.0°, and 51.5° were indexed to C(002), and Co(111)
and Co(200) of metallic Co, respectively, manifesting the
formation of Co nanoparticles in Co−Nx−C@Co. SEM image

showed polyhedral morphology of Co−Nx−C@Co with
inward collapsed walls arising from pyrolysis of the organic
ligand toward N-doped carbon (Figure 70c). The high-
resolution HAADF-STEM image of Co−Nx−C@Co showed
a few cobalt single atom sites marked with red circles (Figure
70d). FT-EXAFS spectra of Co−Nx−C@Co showed the
coexistence of Co−Co bond at about 2.21 Å, and Co−N
coordination with a relatively lower broad peak at around 1.47
Å (Figure 70e). For FaOR, after addition of 3.2 M HCHO into
1.0 M KOH, the potential to achieve 10 mA cm−2 decreased
significantly from around 1.73 to 1.00 V vs RHE (Figure 70f).
Such a potential for FaOR toward CO was lower than those of
Co−Nx−C and N−C@Co (>1.25 V vs RHE). Also, the
potential to a�ord 50 mA cm−2 for HER over Co−Nx−C@Co
was smaller than those over Co−Nx−C and N−C@Co (Figure
70g). These results emphasized the synergistic e�ect of Co−N4

sites and Co nanoparticles. As displayed in Figure 70h, the
Co−Nx−C@Co couple based three-electrode electrolyzer for
FaOR-assisted HWS required a potential of only 1.43 V vs
RHE to achieve 10 mA cm−2, 450 mV lower than that for
OWS. To better understand the catalytical properties of Co−

Nx−C@Co, DFT calculations were carried out by them and

Figure 70. (a) Schematic of Co−Nx−C@Co. (b) XRD patterns of N−C@Co, Co−Nx−C@Co, and Co−Nx−C. (c) SEM image of Co−Nx−C@
Co. (d) HAADF-STEM image of Co−Nx−C@Co. (e) FT-EXAFS spectra of Co−Nx−C@Co, Co−Nx−C, and Co foil. (f) CV curves of N−C@
Co, Co−Nx−C@Co, and Co−Ni−C anodes in a divided cell containing 1.0 M KOH electrolyte with and without 3.2 M formaldehyde addition in
the anode chamber. (g) LSV curves of N−C@Co, Co−Nx−C@Co, and Co−Nx−C for HER in 1.0 M KOH electrolyte with and without
formaldehyde addition. (h) LSV curves of N−C@Co, Co−Nx−C@Co, and Co−Nx−C couples in 1.0 M KOH electrolyte with and without
formaldehyde in a divided cell. Reproduced with permission from ref 822. Copyright 2021 American Chemical Society.
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the results revealed that Co−N4 sites and Co nanoparticles
with the lowest energy barrier promote the production of CO
and hydrogen.
Zhou and collaborators synthesized the NiCo−NiCoP

nanoparticles embedded P-doped carbon nanotubes on carbon
cloth (NiCo−NiCoP@PCT/CC), with superior electrocata-
lytic activities for both HER and FaOR. It achieved 10 mA
cm−2 at a low overpotential of 135 mV for HER and an
ultralow potential of 1.18 V vs RHE for FaOR.823 Accordingly,
the NiCo−NiCoP@PCT/CC couple required a cell voltage of
only 1.76 V for FaOR-coupled HWS at 50 mA cm−2, 320 mV
lower than that of OWS under the same conditions.
5.3.3. Amines Oxidation. With favorable oxidation

relative to OER, amines oxidation reaction (AmOR) can
produce various common precursors of fine chemicals such as
pharmaceuticals, natural products and pesticides.824−827 The
main substrates of AmOR discussed in this section include
1,2,3,4-tetrahydroisoquinoline (THIQ) and primary amine like

benzylamine (BAm). The corresponding reactions are THIQ
semidehydrogenation (THIQ-SDH) and BAm oxidation
reaction (BAmOR).
Electrocatalytic THIQ semidehydrogenation (THIQ-SDH)

can generate the valuable chemical of dihydroisoquinoline
(DHIQ), which demonstrates potential applications in
pharmaceutical industry for the development of drugs in
antitumor, antifungal, vasodilation, and monoamine oxidase
inhibition.828,829 Zhang and coworkers reported that SDH of
THIQs with diverse substituent groups can replace OER to
boost hydrogen evolution in water using a bifunctional Ni2P
nanosheet electrode (Figure 71a).112 SEM image (Figure 71b)
showed the porous nanosheet-assembled morphology of Ni2P
with open network. The THIQ-SDH catalyzed by Ni2P was
carried out in 1.0 M KOH containing 0.5 mM THIQ. As
shown in Figure 71c, the current density increased dramatically
at the potential beyond 1.32 V vs RHE and oxygen bubbles did
not appear until the potential reached about 1.48 V vs RHE.

Figure 71. (a) Scheme of electrocatalytic semidehydrogenation of 1,2,3,4-tetrahydroisoquinoline (THIQ) coupled with HER in water. (b) SEM
image of the bifunctional Ni2P nanosheet electrode. (c) LSV curves of the Ni2P anode at a scan rate of 5 mV s

−1 in 40 mL 1.0 M KOH with and
without 0.5 mmol THIQ. (d) CV curves of the Ni2P anode in 0.1 M KOH with and without THIQ. (e, f) Potential-dependent in situ Raman
spectra of the Ni2P anode in the electrolyte without and with THIQ. (g) In situ Raman spectra collected under chronoamperometry test at 0.5 V vs
Ag/AgCl in 0.1 M KOH solution without THIQ (initial) and after the addition of THIQ. (h) FEs and selectivities of dihydroisoquinolines
(DHIQ) production at di�erent potentials. (i) LSV curves of the Ni2P couple-based electrolyzer in 1.0 M KOH with and without 0.5 mmol THIQ.
(j) Cycle-dependent FEs of a Ni2P couple-based electrolyzer for both H2 and DHIQ production in 1.0 M KOH solution with 0.5 mmol THIQ.
Reproduced with permission from ref 112. Copyright 2019 John Wiley and Sons.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00332
Chem. Rev. 2024, 124, 3694−3812

3780

https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig71&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig71&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig71&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00332?fig=fig71&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To gain insight into the mechanism for THIQ-SDH over Ni2P
anode, CVs and in situ Raman spectra at di�erent applied
potentials were collected and displayed in Figure 71d−f. The
CV curves clearly showed the oxidation peak (0.4−0.5 V vs
Ag/AgCl) of NiII/NiIII without THIQ (Figure 71d) and
meanwhile, two peaks at 472 and 553 cm−1 attributed to Ni−
O vibrations of NiOOH started to appear (Figure 71e).
Introducing THIQ into the electrolyte resulted in increased
current density, as observed from the CV curve (Figure 71d).
While the NiOOH peaks did not appear until the potential
reached 0.6 V vs Ag/AgCl (Figure 71f). In addition, the
NiOOH peaks disappeared gradually after adding THIQ
(Figure 71g). These results gave an evidence that NiIII−OOH
first forms on the surface of Ni2P under positive potential, and
then quickly goes back to NiII after capturing the electron from
THIQ toward DHIQ, so that the peaks of NiOOH cannot be
observed from in situ Raman spectra during the THIQ-SDH
process. By carefully controlling oxidative potentials, high FE
of 96% and selectivity of 99% for DHIQ can be achieved
(Figure 71h). Given the excellent HER activity of Ni2P

electrode (a low overpotential of 95 mV at 10 mA cm−2), the
authors constructed a Ni2P couple-based two-electrode
electrolyzer for both HER and THIQ-SDH with higher energy
e%ciency relative to OWS. As shown in Figure 71i, the cell
voltage at 20 mA cm−2 for the assembled electrolyzer was 300
mV smaller than that of OWS. Long-term electrolysis at a cell
voltage of 1.50 V demonstrated high FEs of about 100% and
96% for hydrogen and DHIQ, respectively (Figure 71j).
Benzonitrile, produced from BAmOR, is a useful precursor

for the synthesis of various pharmaceuticals, natural products,
and pesticides.830 Chen and coworkers successfully synthesized
the ultrathin Ni2P nanomeshes with 1.9 nm thickness on NF
(Ni2P-UNMs/NF) for electrocatalytic BAmOR and HER
toward energy-saving benzonitrile and hydrogen coproduc-
tion.831 Particularly, the Ni2P-UNMs/NF couple needed a cell
voltage of 1.41 V to achieve 10 mA cm−2 in 1.0 M KOH
containing 0.125 M benzylamine. The FEs of benzonitrile and
hydrogen were calculated to be around 98% and 100%,
respectively.

Figure 72. (a) Two possible pathways of HMF oxidation to FDCA. (b) Schematic of biomass oxidation-coupled HER over the bifunctional Ni3S2/
NF electrocatalyst. (c) SEM image of as-prepared Ni3S2/NF. (d−f) Oxidation of selected organics to value-added products and the corresponding
LSV curves over Ni3S2/NF at a scan rate of 2 mV s−1 in 1.0 M KOH with and without 10 mM organic substrates (FFA: furfuryl alcohol; FF:
furfural; HMF: 5-hydroxymethylfurfural). (g) High-resolution XPS spectra of Ni 2p3/2 for the fresh, post-HER with HMF, and post-HMF Ni3S2/
NF samples. Reproduced with permission from ref 99. Copyright 2016 American Chemical Society. (h) SEM images of Ni2P NPA/NF. (i) LSV
curves for a Ni2P NPA/NF couple in 1.0 M KOH with and without 10 mM HMF. (j) FEs of Ni2P NPA/NF couple for simultaneous H2 and
FDCA generation in 1.0 M KOH with 10 mM HMF for three successive electrolysis cycles. Reproduced with permission from ref 51. Copyright
2016 John Wiley and Sons. (k) SEM images of bifunctional Co−P/CF. Reproduced with permission from ref 591. Copyright 2016 American
Chemical Society.
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5.3.4. Biomass Oxidation. Biomass is the only accessible
and renewable carbon source with tremendous annual
production and wide distribution, and bioeconomy is regarded
as an alternative to petroleum refining without altering our
current ecosystem.832−835 Oxidative reforming of raw biomass
holds great potential to produce alternatives to petrochemical
industry-based platform chemicals. Particularly, electrocatalytic
biomass oxidation represents a green process relative to
traditional industrial approaches, and it is possible to couple
selectively favorable biomass oxidation with HER for energy-
e%cient chemicals and hydrogen coproduction.
5.3.4.1. Furans Oxidation. Furanic compounds like 5-

hydroxymethylfrufural (HMF, C6H6O3) and furfural
(C5H4O2), as representative top biomass-derived building
block chemicals, are dehydration products of the correspond-
ing carbohydrates and can be used as versatile precursors for
the production of plastics, polymers, and fuels.836−838 For
example, 2,5-furandicarboxylic acid (FDCA) obtained from
HMF oxidation reaction (HMFOR) is a value-added
alternative to terephthalic acid for the synthesis of polyamides,
polyesters, and polyurethanes (Figure 72a).839 Our group
reported a series of bifunctional electrocatalysts including Co−

P/CF,591 3D Ni2P nanoparticle arrays on nickel foam (Ni2P
NPA/NF),51 Ni3S2/NF,

99 and hp-Ni111 for HWS coupled with

oxidation of various biomass like furfuryl alcohol (FFA),
furfural (FF) and HMF (Figure 72b). For instance, the
hierarchically porous Ni3S2/NF was prepared by direct
sulfurization of NF and the SEM image showed a morphology
of stacked nanoparticles with numerous mesopores (Figure
72c). The LSV curves showed that high current density can be
achieved at lower potentials after adding 10 mM FFA (Figure
72d), FF (Figure 72e), or HMF (Figure 72f), exhibiting
preferable furans oxidation-assisted HWS relative to OWS.
Using HMF oxidation reaction (HMFOR) as a model, we
found that although the overall 3D hierarchically porous
configuration of Ni3S2/NF can be maintained after stability
test, the surface reconstruction happened indeed, di�erent
from that for HER. As shown in Figure 72g, high-resolution Ni
2p3/2 XPS spectra demonstrated the appearance of oxidized Ni
species with increased intensity ratio relative to those of fresh
and post-HER controls, which were believed to be real active
species for HMFOR. We also proved the negligible e�ect of
HMF on Ni3S2/NF-catalyzed HER, as revealed by the almost
overlapped LSV curves and small change of Tafel slope (from
128 to 136 mV dec−1) in 1.0 M KOH after adding 10 mM
HMF. The Ni3S2/NF couple-based HWS electrolyzer can
achieve 100 mV cm−2 at a cell voltage of only 1.64 V, 200 mV
smaller than that for OWS. Additionally, the generated

Figure 73. (a) Schematic of the possible pathway for electrochemical oxidation of glucose to GNA and GRA. Reproduced with permission from ref
846 under the terms of a CC-BY 4.0 license. Copyright 2020 The Authors, published by Springer Nature. (b) Schematic of asymmetric-electrolyte
electrolyzer for GOR-assisted HWS. (c) LSV curves for the GOR-assisted HWS and OWS over Fe0.1-CoSe2/CC with ΔpH = 14. Reproduced with
permission from ref 847. Copyright 2020 Elsevier. (d) Cell voltages of GOR-coupled HWS and OWS over Fe3O4/Au/CoFe-LDH couple at
di�erent current densities. (e) Selectivity of GOR over Fe3O4/Au/CoFe-LDH couple at di�erent current densities. Reproduced with permission
from ref 848. Copyright 2021 John Wiley and Sons. (f) Schematic of abundant biopolymer chitin existed in the exoskeleton of insects and
crustaceans. (g) Main reaction pathway for selective electroreforming of chitin to acetic acid (HAc). (h) LSV curves of oxidative reactions in 1.0 M
KOH (OER; black curve) and 1.0 M KOH containing 2.2 g L−1 N-acetyl glucosamine (red curve labeled with NOR) or 3.5 g L−1 milled chitin
(blue curve labeled with M-COR). The arrow indicates the shift of potential after adding the corresponding biomass. Inset: a picture of 436 mg of
oxidation product, potassium acetate (CH3COOK). Reproduced with permission from ref 835 under the terms of a CC-BY 4.0 license. Copyright
2021 The Authors, published by Springer Nature.
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hydrogen at cathode and FDCA at anode featured high FEs of
100 and 98%, respectively.
Similarly, direct phosphorization of nickel foam (NF) can

obtain the Ni2P NPA/NF bifunctional electrocatalyst.
51 SEM

images of Ni2P NPA/NF showed a rough and porous
morphology composed of Ni2P nanoparticles (Figure 72h).
Electrochemical measurements indicated that introducing 10
mM HMF in 1.0 M KOH electrolyte leads to obviously
decreased onset potential from 1.50 to 1.35 V vs RHE for Ni2P
NPA/NF, confirming the favorable HMFOR relative to OER.
Also, the cell voltage for integrated HER and HMFOR over
Ni2P NPA/NF couple was reduced from 1.80 to 1.58 V at 50
mA cm−2 (Figure 72i). As shown in Figure 72j, the high FEs
for hydrogen (100%) and FDCA (98%) can be obtained via
product quantification of the generated gas and liquids after
long-term electrocatalysis at 1.5 V with charge passing 59 C. By
employing a facile potentiodynamic deposition, we prepared
the bifunctional Co−P on copper foam (Co−P/CF) electro-
catalyst. SEM images at di�erent magnifications displayed a
porous morphology containing numerous Co−P particles on
copper foam (Figure 72k). For the HMFOR-assisted HWS, the
Co−P/CF couple can a�ord 20 mA cm−2 at a cell voltage of
only 1.44 V in 50 mM HMF-contained 1.0 M KOH.591

Choi’s group recently used similar electrodeposition to
prepare nanocrystalline Cu foam (NCF) as a bifunctional
electrode for HMFOR/HER in 0.1 M KOH containing 5 mM
HMF, with high FEs of 95.3% and 100% for FDCA and
hydrogen, respectively.840 More recently, Fu and coworkers
constructed a robust bifunctional electrocatalyst (MoO2−

FeP@C) with improved HER and HMFOR performance due
to the mutual promotion role of the two components.620 The
resulting MoO2−FeP@C featuring a novel porous nanospindle
morphology composed of a carbon-encapsulated MoO2−FeP
heterojunction was fabricated by self-sacrificial templating
followed by low temperature phosphorization. The spindle-like
structure with numerous pores of MoO2−FeP@C increased
the accessible surface areas, enabling adequate contact between
active sites and reactants. Consequently, the MoO2−FeP@C
couple-based electrolyzer required a low cell voltage of 1.486 V
at 10 mA cm−2 with 99.4% HMF conversion, 98.6% FDCA
selectivity, and 97.8% FE for FDCA, higher than those for
FeP@C and MoO2@C counterparts.
Other advanced bifunctional electrocatalysts such as carbon-

coupled Ni3N nanosheet (Ni3N@C),
841 Co3O4 nanowires on

NF (CoNW/NF),842 3D N-doped MoO2/Ni3S2 core−shell
nanoarray,843 and NiSe@NiOx core−shell nanowires

844 were
also reported for the HMFOR-coupled HWS with desirable
electrocatalytic performance.
5.3.4.2. Carbohydrates Oxidation. Carbohydrates are

probably the most abundant and widespread organic
substances in nature. Glucose is a widely distributed and
important monosaccharide with advantages in low cost,
nontoxicity, and easy accessibility from biomass.845 Glucose
oxidation reaction (GOR) can produce value-added gluconic
acid (GNA), glucaric acid (GRA), gluconate, and so on
(Figure 73a), endowing it with high potential to couple with
HER for hybrid water splitting.846

Wen and coworkers designed and fabricated a bifunctional
electrode of Fe-doped CoSe2 nanowires on carbon cloth (Fe0.1-
CoSe2/CC).

847 The resulting electrocatalyst can a�ord 100
mA cm−2 for HER at a small overpotential of 270 mV in 0.5 M
H2SO4. Besides, the excellent electrocatalytic performance
toward GOR was also achieved, as revealed by the low onset

potential of 1.12 V vs RHE in 1.0 M KOH electrolyte
containing 0.5 M glucose. The Fe0.1-CoSe2/CC couple-based
electrolyzer required a reduced cell voltage of 0.72 V at 10 mA
cm−2 for HWS relative to OWS toward hydrogen and
gluconate coproduction (Figure 73b,c), indicative of significant
decrease of energy consumption assisted by GOR. To gain
insight into the eminent activities of Fe0.1-CoSe2/CC for both
HER and GOR, the authors conducted DFT calculations. The
model for Fe0.1-CoSe2/CC was first optimized via Metropolis
Monte Carlo simulation, which identified the position of dilute
Fe. They then used the “detective pin” method to confirm the
active role of “Co” in Fe0.1-CoSe2. With these results in hand,
the authors calculated Gibbs free energy changes (ΔG) of the
steps in both HER and GOR. The results showed that the ΔG
of adsorbed hydrogen (ΔGH*) on Fe0.1-CoSe2 is more neutral
relative to CoSe2 and FeSe2, suggestive of its preferable HER
activity. On the other hand, the energy barrier of RDS for
GOR (first step) over Fe0.1-CoSe2 is ∼0.04 eV lower than that
over CoSe2, accountable for its improved GOR activity.
Introducing a small amount of noble metals into the

nonprecious electrocatalysts would lead to improved activities
for both HER and GOR. Zhang and coworkers synthesized the
Fe3O4/Au/CoFe-LDH with a sandwich structure via sponta-
neous galvanic displacement due to the thermodynamic
potential di�erence between AuCl4

−/Au (+1.002 V), Fe-
(OH)2/Fe(OH)3 (+0.56 V), and Co(OH)2/Co(OH)3 (−0.17
V).848 Combined structural and electrochemical character-
izations revealed that Fe3O4 serves as active site and stabilizer
for HER, CoFe-LDH acts as substrate and Fe precursor of
Fe3O4, and the metallic Au at interlayer is active for GOR and
accelerate the electron transfer between Fe3O4 and CoFe-LDH
basal plane due to its metallic conductivity. The resulting
Fe3O4/Au/CoFe-LDH therefore achieved the current densities
of 10, 50, and 300 mA cm−2 at respective cell voltages of 0.48,
0.80, and 1.10 V for GOR-coupled HWS, in stark contrast to
those for OWS (Figure 73d). Besides, the Fe3O4/Au/CoFe-
LDH couple exhibited high selectivity of GOR relative to
OER, even at a large current density of 1000 mA cm−2 (Figure
73e). Likewise, Yang and coworkers integrated Ru nano-
particles with nickel boride grown on nickel foam (Ru@Ni−B/
NF).849 The as-prepared Ru@Ni−B/NF was also active for
GOR-assisted HWS, with small cell voltages of 1.24 and 1.36 V
to deliver 10 and 50 mA cm−2, respectively.
In addition to glucose, chitin, composed of β-(1,4)-linked N-

acetyl-β-D-glucosamine, is another abundant natural carbohy-
drate in insect skeletons and crustacean shells (Figure 73f).
Depolymerizing it leads to N-acetylglucosamine (NAG) which
can be further oxidized to acetic acid (HAc) or deacetylated to
glucosamine. Further, opening the pyranose ring of glucos-
amine can also produce HAc (Figure 73g).835 We and
collaborators coupled chitin oxidation reaction (COR) to
HER for cogeneration of acetate (with over 90% yield) and
hydrogen, with reduced energy inputs due to the favorable
kinetics of COR relative to OER.835 To increase the solubility
of chitin, ball-milling pretreatment was conducted, and the hp-
Ni was used as an electrocatalyst. As shown in Figure 73h,
about 170 mV potential saving can be obtained by replacing
OER with milled chitin oxidation reaction (M-COR) over hp-
Ni in 1.0 M KOH with 3.5 g L−1 milled chitin. Notably, the
potential requirement can be further reduced by 250 mV
through introducing the NAG (2.2 g L−1) at anode, and
precipitation extraction of the resulting anolyte can gain
potassium acetate powder (Figure 73h inset). DFT calcu-
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lations disclosed that the energy barriers needed for opening
pyranose-ring and breaking glycosidic bond are much lower
than that of OER, consistent with the electrochemical results.
5.3.5. Plastic Wastes Oxidation. Plastic wastes with

environmental and biological threats are a largely untapped
resource for manufacturing chemicals and fuels. Nowadays,
79% of the produced plastics are discarded and accumulated in
landfills or aquatic systems, which have caused severe
environmental and biological threat.850−853 In this respect,
upcycling the plastic wastes into value-added products is
essential for our sustainable development.
Polyethylene terephthalate (PET) is produced ∼70 million

tons annually and only a small fraction (<20%) of them are
recycled via the mechanical route (Figure 74a).803,852

Considering the readily digestion of PET into its monomers
including ethylene glycol (EG) and terephthalic acid
(PTA),414 Duan and coworkers developed an electrocatalytic

route for oxidative upcycling of PET waste paired with HER in
KOH electrolyte (Figure 74b).803 The resulting EG from
KOH-pretreated PEG was subjected to C−C cleavage toward
formate through bifunctional CoNi0.25P-driven anodic electro-
oxidation, along with hydrogen generation. The bifunctional
nickel-modified cobalt phosphide on NF (CoNi0.25P/NF)
electrocatalyst was prepared by a facile tandem electro-
deposition and subsequent phosphorization. SEM and
elemental mapping images of CoNi0.25P/NF showed the
morphology of nanosheets-stacked arrays with homogeneous
distribution of Co, Ni, and P on matrix (Figure 74c). HRTEM
further demonstrated the presence of CoP-Ni2P heterojunc-
tions in CoNi0.25P. Electrochemical measurements in 1.0 M
KOH revealed the superior HER, OER, and EG (0.3 M)
oxidation performance of CoNi0.25P/NF, comparable to Pt/C,
RuO2, and NiFe-LDH/NF counterparts (Figure 74d).
Specifically, adding 0.3 M EG into electrolyte negatively

Figure 74. (a) Conventional route for PET recycling. (b) Scheme of electrocatalytic PET upcycling to commodity chemicals and hydrogen. (c)
SEM and elemental mapping images of CoNi0.25P/NF. (d) Comparison of the electrocatalytic performance of CoNi0.25P/NF and known
electrocatalysts. (e) MEA setup for EGOR-paired HWS. (f) LSV curves for OWS and EGOR-paired HWS in the MEA flow reactor at a scan rate of
10 mV s−1. (g) Schematic illustration of the structural evolution of CoNi0.25P electrocatalyst under reaction conditions. Reproduced with
permission from ref 803 under the terms of a CC-BY 4.0 license. Copyright 2021 The Authors, published by Springer Nature.
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shifted the potential at 50 mA cm−2 from >1.50 V vs RHE for
OER to <0.70 V vs RHE for EG oxidation reaction (EGOR)
over CoNi0.25P/NF, indicative of more favorable EGOR than
OER. Additionally, the CoNi0.25P/NF displayed the highest FE
for formate (91.3%) with excellent productivity of 4.01 mmol
cm−2 h−1 at 1.7 V vs RHE, along with good HER activity
(Figure 74d). Subsequently, the authors fabricated a two-
electrode zero-gap membrane-electrode assembly (MEA) flow
reactor catalyzed by the bifunctional CoNi0.25P/NF couple for
energy-saving formate and hydrogen coproduction (Figure
74e). Compared with the traditional H-type electrolyzer, the
MEA possesses reduced Ohmic resistance, thus industrial-
grade current density can be gained.854,855 The MEA reactor
a�orded a significantly higher current density (500 mA cm−2)
at a low cell voltage (<1.8 V), in contrast to that in H-cell
(<150 mA cm−2). Moreover, the cell voltage at 500 mA cm−2

for EGOR-assisted HWS was 189 mV smaller than that for
OWS, as shown in Figure 74f. To understand the evolution of
CoNi0.25P active species during HER and EGOR, a range of
physiochemical characterizations including HRTEM, Raman
spectroscopy, and XAS were employed. TEM image showed
the fresh CoNi0.25P species undergo complete reconstruction
after EGOR to a low-crystalline metal oxy(hydroxide)
analogue. Raman spectra revealed the peaks at 410−720
cm−1 attributed to CoOx(OH)y after EGOR and OER. Co K-
edge FT-EXAFS spectra also confirmed this oxidative
restructuring of fresh CoNi0.25P. In comparison, the main
structure of CoNi0.25P during HER can be maintained, with
slight oxidation and dissolution toward an amorphous metal
oxy(hydroxide) shell (Figure 74g). In other words, the fresh
CoNi0.25P evolved into a CoNi0.25P/CoNi0.25Ox(OH)y core−
shell structure at cathode, while it was drastically oxidized and
reconstructed into low-crystalline CoNi0.25Ox(OH)y at anode.
Zhu and coworkers synthesized an atomic Ni-doped CoP

with ordered macroporous superstructure (OMS−Ni1−CoP)
as a bifunctional electrocatalyst for energy-saving HWS via
coupling HER and EGOR in PET plastic hydrolysate.856 A low
voltage of 1.57 V was required to a�ord 10 mA cm−2. Huang
and coworkers synthesized the Ni3N/W5N4 Janus nanostruc-
ture with barrier-free heterointerface.857 Thanks to the
interface synergy, superhydrophilicity and unique Janus
structure, the as-prepared Ni3N/W5N4 displayed Pt-like HER
performance and high activity toward PET electroreforming,
with a low voltage of 1.47 at 50 mA cm−2, 230 mV lower than
that for OWS (1.70 V). In addition, the FE for formate at
anode was high to ∼85%, and a high solar-to-hydrogen (STH)
conversion e%ciency of 16.04% under 1 sun illumination can
be achieved.
Polylactic acid (PLA) plastic with good thermoplasticity is

widely applied to fabricate disposable goods. The theoretical
thermodynamic potential of PLA electro-oxidation reaction
(PAOR) toward HAc is much lower than that of OER, which
can boost the energy conversion e%ciency of hydrogen
generation. Gao and collaborators fabricated cobalt selenide
nanosheets on nickel foam (CoSe2/NF) as a bifunctional
electrocatalyst for PAOR-assisted HWS in 1.0 M KOH with a
cell voltage of only 1.37 V to reach 10 mA cm−2, in contrast to
that for OWS (1.63 V).858 Also, the high conversion rate of
87% for HAc from PLA was yielded at anode.

6. CONCLUSION AND PERSPECTIVE

This Review focuses on the advancements in exploring
bifunctional electrocatalysts for overall and hybrid water

splitting for energy-e%cient hydrogen generation. With the
flourish of synthetic methodologies of nanomaterials like
shape/composition-controlled synthesis, defect engineering,
heteroatom doping, surface modification, interface hybridizing,
etc., various bifunctional electrocatalysts consisting of noble
metals (e.g., Ru and Ir), nonprecious metals (e.g., Fe, Co, Ni,
Mo, Cu, Mn, etc.), and metal-free nanocarbons have been
reported with promising activities for potentially large-scale
employment. In particular, the dynamic electrochemical
reconstruction which endows them with bifunctionality and
modulated electrocatalytic performance for both reduction and
oxidation reactions has been highlighted through advanced
characterization techniques based on electrochemistry (cycle
voltammetry, chronopotentiometry, electrochemical impe-
dance spectroscopy, underpotential deposition, and CO
stripping), optics (FTIR, Raman and UV−vis spectroscopy),
X-rays (XRD, XPS, XAS, XES, and XRF), electron microscopy
(SEM and TEM), scanning probe microscopy (STM, AFM,
SECM, and SECCM), auger electron, ion scattering, atom
probe tomography, Mössbauer spectroscopy, and mass
spectrometry. To further address the issues associated with
OER like sluggish kinetics, low value of O2, possible H2/O2

mixing and formation of ROS, alternative oxidation reactions
driven by bifunctional electrocatalysts have been introduced to
replace OER for hybrid water splitting. Based on the
functionalities of the substrates, these alternative oxidation
reactions can be divided into sacrificing agents oxidation that
consumes valuable substrates (hydrazine, ammonia and urea),
pollutants oxidative degradation using environmental pollu-
tants as oxidative substrates (formic acid/formate, phenol,
sulfur compounds and organic dyes), and oxidative upgrading
of selected organics (alcohols, aldehydes, amines, biomass, and
plastic wastes). All these oxidative reactions exhibit favorable
kinetics relative to OER and therefore e�ectively reduce energy
consumption for hydrogen production, and in some case
produce value-added chemicals for food, pharmacy, and
chemical industries toward maximum return on energy
investment. Although great progress has been made, we are
still facing several challenges and there is a long way ahead for
the e%cient synthesis, characterization, understanding, and
large-scale implementation of bifunctional electrocatalysts-
driven overall and hybrid water splitting toward a�ordable
hydrogen generation in a sustainable manner (Figure 75).
First, although various synthetic strategies including hydro-

thermal/solvothermal growth, electrodeposition, soft/hard
templating, elevated-temperature annealing, photochemistry,
and so on, are e�ective to prepare diverse bifunctional
electrocatalysts, they usually produce catalytic materials at
small-scale in laboratory. Such perfect synthetic configurations
are suitable for electrocatalytic research, the attempt to simplify
scale up synthesis for practical membrane electrode assemblies
or even reactor stack fabrication would fail due to the
variations in mass/heat transfer, operability, and cost at large
scale. Moreover, many synthetic methods involve toxic gases
like NH3, PH3, S, etc., and tedious procedures, making them
neither economical nor environmentally benign. Thus,
developing green, a�ordable, and rapid methodologies for
large-scale synthesis of bifunctional electrocatalysts is urgent
and of great practical importance. In this regard, recently
developed heating methods based on nonthermal radiation
such as microwave, joule heat, plasma, and laser, along with
electroshock and 3D-printing deserve to be introduced. Novel
containers like multichannel flow reactors are worth being
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explored as well for large-scale synthesis due to the improved
mass/heat transport via continuously circulating the precur-
sors’ solutions and products. Given the triphase interface
properties of water splitting reaction with sluggish kinetics,
precisely designing the bifunctional electrocatalysts with 3D
hierarchically open porous architectures, plentiful defects, and
strong interface/electronic coupling would improve both the
accessibility and the activity of active sites. For hybrid water
splitting, the introduced substrates like biomass or relevant
reactive intermediates at anode compartment would di�use to
the cathode compartment due to crossover e�ect, and then
specifically adsorb on the surface of bifunctional electro-
catalysts, which may block, deactivate or even poison the
underlying active sites during both HER and oxidation
reactions. Additionally, for selective oxidation of alternative
substrates, the electrocatalytic interface is also critical.
Accordingly, accurately tailoring the surface or adjusting the
local microenvironment of bifunctional electrocatalysts, such as
surface coating of charged polymer, porous membrane, and
inorganic Lewis acid/base layer, or introducing external field
(e.g., magnetic field) is welcome to suppress the specific
adsorption and improve the products selectivity.
Second, electrochemical reconstruction during overall and

hybrid water splitting that form amorphous/low-crystalline and
defects-rich active species provides a new tool to design
advanced bifunctional electrocatalysts, while full understanding
of the whole reconstruction is still not yet achieved due to the
complex convolution of chemical reactions, mass transport,
and catalytic interfaces which involve multiple processes like
electrocatalysts restructuring/reactants or intermediates con-
version at the triphase interface, bubble formation/release,
electrolytes di�usion, along with dynamic changes of surface
forces, wetting properties, electric field, and so on. Although a
suite of in situ/operando characterization techniques have
been adopted to track the dynamic evolution of electro-
chemical reconstruction, the limited time/space resolution is
insu%cient to accurately judge the instantaneous reconstruc-

tion processes. For example, numerous electrochemical
reconstructions like electrooxidation occur on the order of
picoseconds to nanoseconds,118 such a time interval is too
short to acquire data for many characterization technologies
like FTIR, Raman, XAS, XPS, SPM, etc. Additionally, the
prevailing characterization techniques, in many cases, can only
provide the average or bulk information on reconstruction
instead of precise local changes. Given that the electrochemical
reconstruction usually involves multicomponent evolution at
the local electrolyte-electrode interface with low content and
crystallinity (e.g., amorphous phases), one or few in situ/
operando characterization techniques cannot give us a full
picture of what happens for the entire process due to their own
limitations in terms of detection range and resolution.
Consequently, developing correlative characterizations and
innovative techniques with high spatiotemporal resolution and
broad detection range as well as massive data analysis system
such as machine learning is strongly recommended to monitor
the comprehensive reconstruction in real-time. Note that
electrochemical reconstruction is usually accompanied by
compositions detaching or even structures deterioration.
These detached species may dissolve in electrolytes, attach
on the surface of electrocatalysts, or interact with reactants/
intermediates, inevitably changing the catalytic interface and
complicating the study of activity−structure correlation.
Intentionally introducing exotic analogs to electrolytes to
mimic the real electrocatalytic interfaces can o�er some
insightful information.
Third, theoretical simulations like DFT, combined with in

situ/operando characterizations, have shown great success in
understanding the mechanisms for both HER and OER. With
recent achievements in computing power, algorithms, and big
data availability from experiment and computation, computer-
guided machine learning has emerged as a salient tool to
predict structure−activity relationships at the previously
impossible scales, and then to promote the discovery of
advanced bifunctional electrocatalysts, while current DFT
calculations are still based on simplified models, which are far
from real-world electrocatalysis processes. The influence of
electric field, electrochemical double-layer, solvation, dissolved
ions, strain, and so forth is suggested to be thoroughly
considered in the future. In view of the complexity and
importance of electrochemical reconstruction, DFT calcu-
lations are encouraged to simulate this dynamic process, while
little attention has been paid presently. In addition, the
alternative oxidations of exotic substrates (e.g., biomass, chitin,
plastic wastes, and so on) for hybrid water splitting usually
involve multiple electron transfers/intermediates/adsorption
sites, such that experimentally identifying the precise stereo-
configuration of catalytic interface and measuring the binding
energies of intermediates are often challenging. Thus,
extending DFT modeling to these oxidation reactions beyond
HER and OER is urgent and necessary.
Fourth, in terms of hybrid water splitting, the selection of

alternative oxidation reactions has been broad, with the main
emphasis on reducing the overall energy input for hydrogen
generation from water. Future e�orts should be more focused
on the production of value-added oxidation products. Given
the impressive scale of green hydrogen demand in the future, it
seems more appealing to explore the oxidative upgrading of
commodity chemicals featuring high solubility. Furthermore,
to ensure the high purity of hydrogen generated at cathode or
avoid gaseous mixtures separation, the gas-free oxidation

Figure 75. Perspective of system materials engineering for bifunc-
tional electrocatalysts toward overall and hybrid water splitting.
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reactions or PEM-based hybrid water splitting are exactly what
we need. While for long-term operation, the benign neutral
condition is desirable. It is therefore imperative to perform the
technoeconomic analysis first when deciding on an alternative
oxidation reaction to replace OER.
Fifth, the high activity of bifunctional electrocatalysts

evaluated in the laboratory cannot guarantee their prominent
performance in final systems, due to the new challenges in
scaling up like water/heat management, reactants/products
transfer, and device assembly. It means that separate
investigation of individual components following the estab-
lished paradigms is insu%cient for real integrated systems. It is
still a long way from basic research to industrial application
and extending the performance evaluation of bifunctional
electrocatalysts in working conditions deserves further studies.
Overall, significant advancements have been made in the

field of overall and hybrid water splitting using bifunctional
electrocatalysts over the past decade. These remarkable
achievements have paved the way for sustainable hydrogen
production, facilitating the transition toward a clean energy
economy. Besides exploring advanced synthetic methods,
cutting-edge characterization techniques, high-throughput
computation/screening models, and compatible oxidation
reactions (Figure 75), it is also increasingly important to
conduct the relevant studies at the system level, which not only
investigate the aspects of individual components but also
emphasize their interactions within an integrated system.
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