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Abstract

Electrocatalytic water splitting involves the breaking/formation of chemical

bonds and the concomitant dynamic reconstruction of catalyst structure, both

of which, in a conventional view, are directly driven by the applied bias. How-

ever, some latest reports have demonstrated that the chemical driving force

can also govern electrocatalytic water splitting. This finding provides a trans-

formative approach to designing advanced energy materials, which calls for a

thorough understanding of the underlying correlation between the chemical

driving force and the corresponding water splitting performance. This review

timely summarizes chemical driving force in three different scenarios. Effects

of chemical driving forces on surface reconstruction, reaction rate/mechanism,

and interfacial redox reactions are discussed. Finally, an outlook on the chemi-

cal driving force is provided. We aim to raise the energy community's aware-

ness of this new vision and hope it could contribute to material design for

energy storage and conversion applications.
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1 | INTRODUCTION

Hydrogen is considered the ideal fuel for sustainable
development of human society in the future because of
its high calorific value, abundant sources, and environ-
mentally friendly combustion product (water).1,2 In the
past decades, the electrochemical conversion of water
into hydrogen and oxygen has attracted tremendous
interest.3 Generally speaking, electrocatalytic water split-
ting is driven by applying external bias, which provides
energy to overcome the reaction activation barrier,4,5 and
simultaneously, the electric energy is converted into
chemical energy and stored. This process involves two

well-known half-reactions: oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER). OER is
considered the bottleneck of the overall reaction because
it usually takes place at a higher overpotential (larger
than 0.3 V versus reversible hydrogen electrode, RHE)
than HER.6–8 Therefore, more attention has been focused
on understanding the OER mechanisms and developing
high-performance OER catalysts.9

A satisfactory catalyst can lower the activation energy
barrier of water splitting and enhance the reaction rate. It
has been widely accepted that electrocatalysts containing
3d, 4d, and 5d transition metals with relatively high
valence states are more favorable for OER.10–13 The
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crystal/electronic structure and composition of these
materials evolve dynamically under applied bias, with
the pristine material that is inactive under open circuit
potential (OCP) converting to active electrocatalyst dur-
ing operation.14–16 The concomitant reconstruction pro-
cess of electrocatalysts during the OER has been revealed
by various operando characterizations.17,18 In a conven-
tional viewpoint, the driving force of either the water
electrolysis reaction or the reconstruction of catalyst
exclusively originates from the external applied bias.
However, it has been gradually realized that the chemical
driving force plays distinct roles in surface reconstruc-
tion, reaction rate/mechanism, and chemical redox reac-
tions between post-catalyst and water molecules.

Chemical driving force originates from the spatial
gradient of potential energy (including chemical potential
energy and electrostatic energy) of charged/uncharged
species, which can be classified into three different sce-
narios. When a catalyst is in contact with an electrolyte
prior to applying a potential, complex changes including
surface reconstruction would occur at the catalyst–
electrolyte interface, which is induced by a kind of chem-
ical driving force related to the formation enthalpies.
Generally, the applied bias can change the chemical
potential of catalysts by accumulating charges on their
frontier orbitals. The second kind of chemical driving
force comes from the varied chemical potentials of cata-
lysts, which is expected to lower the reaction activation
energy and enhance the reaction rate. It is worth noting
that the charge accumulation mentioned here is different
from that in an electrical double layer,19,20 although both
of them have an influence on the electrocatalysis rate.
The applied bias drives electrocatalysis by charging the
frontier orbitals orbital of the catalyst and charging the
electric double layer, which can be viewed as chemical
and electrostatic driving forces, respectively. After cutting
off the applied bias, the post-catalyst usually has a differ-
ent redox potential and chemical activity from the pris-
tine counterpart. Due to the redox potential gap between
the post-catalyst and the electrolyte, the post-catalyst can
decompose water into O2 or H2 by chemical oxidation/
reduction. In this scenario, the redox potential gap gener-
ates the third kind of chemical driving force.

In this review, we first give a brief illustration of dif-
ferent scenarios of chemical driving forces, followed by a
summary of the recent breakthroughs revealing their
effects on electrochemical water splitting. It is concluded
that the chemical driving force has effects on the surface
reconstruction of catalyst, catalytic reaction activity, the
underlying reaction mechanism, as well as the chemical
redox reaction between post-catalysts and water mole-
cules. Examples taking the advantage of favorable chemi-
cal driving force and suppressing undesired one to

promote water splitting are highlighted. Finally, we put
forward several directions regarding chemical driving
force in electrocatalysis for future research.

2 | CHEMICAL DRIVING FORCE
IN THREE DIFFERENT SCENARIOS

2.1 | Scenario 1: Chemical changes at the
catalyst–electrolyte interface under OCP

When a catalyst is in contact with an electrolyte, their
electrochemical potentials will be dynamically equilibrated
via charge redistribution.21 If the pH value of the electro-
lyte is below the point of zero charge (PZC), the catalyst
surface will be positively charged. Contrarily, it will be
negatively charged. Typically, the charge equilibrium
process is accompanied by complex changes at the
catalyst–electrolyte interface, such as charge diffusion, ion
adsorption, ion dissolution, ion exchange, and hydrolysis
of surface groups, etc. The stable state of the catalyst can
be predicted by the Pourbaix diagram, which is primarily
dictated by the formation enthalpies of a given species as a
function of pH and potential.22 Given applied potential
(here is the OCP) and pH of electrolyte, the stability of a
catalytic material can be quantitatively assessed by the cor-
responding Pourbaix decomposition free energy difference
(ΔGpbx), (Figure 1A,B) which is defined by the chemical
potential difference between the catalytic material and the
stable chemical species in the Pourbaix diagram.22 In prin-
ciple, a stable catalytic material should have ΔGpbx = 0
when in contact with the electrolyte. The larger the ΔGpbx,
the more easily the catalyst will deviate from its initial
structural state upon contacting the electrolyte. Note that
all changes at the interface occur spontaneously without
applying external electrochemical bias. In this regard, the
driving force for these changes is chemical rather than
electrochemical. The parameter ΔGpbx can be used as a
metric for quantifying chemical driving force under OCP.

2.2 | Scenario 2: Charge accumulation on
the frontier orbital of catalysts under bias

Generally, electrocatalysis can be driven after applying
an external electrochemical potential μaj

� �
, which is

decomposed into chemical potential μaj

� �
and electro-

static energy (zjFϕ).
23 The interfacial chemical potential

difference defines the chemical driving force for reactions
between uncharged species and determines the direction
of diffusive transport, while the electrostatic energy
describes the electrostatic driving force for charged spe-
cies involved.23 In a conventional view, the electrostatic
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driving force dominates the electrocatalysis by charging
an electrical double layer and changing the electrostatic
energy of electrons/ions. Very recently, pioneer studies
have discovered that charge accumulation by engineering
frontier orbitals of active sites also triggers electrocataly-
sis, in which the chemical driving force is dominant.24

(Figure 1C,D) Under operation conditions, the constantly
changing chemical potential from charge accumulation
on the active sites with varied valence state25–28 corre-
sponds to a dynamic chemical driving force, which gov-
erns the water splitting performance.

2.3 | Scenario 3: Chemical redox
reactions between post-catalyst and water

Under operating conditions, catalysts can be reduced or
oxidized during electrocatalysis and will remain in the
reduced/oxidized state after the external bias is cut off.
As a result, the post-catalyst has distinctly different

chemical properties compared with its pristine counter-
part. If the redox potential of the post-catalyst after oxida-
tion is higher than that of the O2/H2O, the post-catalyst
would chemically oxidize water to O2 with itself being
reduced. Meanwhile, if the post-catalyst after the reduc-
tion process has a redox potential lower than that of the
H2O/H2, the post-catalyst is prone to reduce water into
H2 chemically, with itself being gradually oxidized
(Figure 1E,F). The chemical driving force in this scenario
originates from the difference between the redox poten-
tials of the post-catalyst and the water in the electrolyte.

3 | ROLE OF CHEMICAL DRIVING
FORCE IN WATER SPLITTING

3.1 | Contact with electrolyte

Nowadays, with the aid of various in situ characterization
techniques, scientists have found that most catalysts tend

FIGURE 1 Chemical driving force in three different scenarios. (A,B) Schematics of the Pourbaix decomposition free energy (ΔGpbx) as a

function of OCP at certain pH, where M denotes the stable species on Pourbaix diagram and N represents the as-synthesized catalysts. Adapted

Reproduced with permission.22 Copyright 2020 American Chemical Society. (C,D) Chemical driving force versus electrostatic driving force under

bias. Items μce and μce refer to the electrochemical and chemical potentials of the catalyst. Items μee and μee refer to the electrochemical and

chemical potentials of the electrolyte. Reproduced with permission.23 Copyright 2021 American Chemical Society. (E,F) Redox potentials of

catalysts and water molecules. Cat(L) and Cat(H) refer to catalysts with low and high redox potentials, respectively; H2O/H2 and O2/H2O

refer to the chemical equilibrium potentials between H2O and H2 as well as O2 and H2O, respectively

CHEN ET AL. 3 of 11
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to undergo surface reconstruction to form real active spe-
cies with distinct composition and local electronic/
geometric structure under HER/OER conditions.29,30

Typically, the reconstruction degree first increases with
applied bias and then reaches a steady state.31,32 We want
to emphasize that the surface reconstruction may take
place before the bias is applied. Namely, it would occur
when contacting the electrolyte, which is driven by the
chemical driving force generated between the catalysts
and the electrolytes (Figure 2). ΔGpbx is used to assess the
magnitude of chemical driving force in such circum-
stances (Figure 1B).

In 2019, Zhu et al. provided direct evidence of surface
reconstruction of the CoSe1.26P1.42 electrocatalyst under
OCP condition in 1.0 M KOH solution.33 In situ charac-
terizations revealed the change in morphology and elec-
tronic structure of the catalyst after it contacts the
electrolyte, confirming that the as-prepared catalyst is
unstable under OCP, during which it transformed into
nano-sized amorphous Co(OH)2 particles. Another work
conducted by Moysiadou et al. discovered a slight chemi-
cal oxidation of catalyst under OCP condition.34 The

evolutions of these two catalysts were exclusively driven
by the chemical driving force between the catalyst and
the KOH solution.

When tested in acidic environment, the catalyst
would experience more severe changes before the appli-
cation of a bias. In 2017, Ledendecker et al. studied the
chemical stability of a series of nonprecious catalysts in
an acidic electrolyte using in situ inductively coupled
plasma mass spectroscopy.35 They found that the chemi-
cal dissolution is more significant under OCP than under
HER conditions. Later in 2021, Wang et al. theoretically
revealed the origin of the instability of nonprecious HER
catalysts under OCP conditions in acidic electrolyte,36 in
which the catalyst instability was ascribed to the large
thermodynamic driving force toward decomposition cre-
ated by the catalyst–electrolyte interface potential
difference.36

Accordingly, to reduce metal-dissolution and activity
degradation, Ledendecker35 and Wang36 provided their
suggestions: (1) Introducing aqueous-stable species or
coating with aqueous-stable materials for enhancing cata-
lyst stability; (2) removing dangling bonds, defects, and

FIGURE 2 Chemical driving force at scenario I. Chemical driving force at the catalyst–electrolyte interface (left column) and interfacial

changes induced by catalyst–electrolyte contact (right column). (A,B) Before contact; (C,D) after contact. Reproduced with permission.23

Copyright 2021 American Chemical Society
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surface oxides by pretreatment to prevent initial interfa-
cial dissolution; and (3) mitigating OCP by applying
potential control and never letting the catalyst go to OCP.

The chemical dissolution of noble elements in acidic
electrolyte was found even for noble metal-based mate-
rials.37,38 It has been confirmed that the dissolution of Ir
not only takes place under OER conditions but also
occurs when it contacts the electrolyte.39 The type of
anions in the acidic electrolytes also affects the dissolu-
tion behavior of Ir due to the different strengths of chem-
ical interaction.40

As discussed above, the catalyst may undergo surface
reconstruction induced by chemical driving force when
the electrocatalyst is in contact with the electrolyte, not
necessarily after the application of a bias. It is driven by
the chemical potential difference between the catalytic
material and the stable chemical species under OCP, and
the stable species can be predicted from the Pourbaix dia-
gram. Conventional catalyst design strategies for regulat-
ing initial properties retain their functionality only at
small values of ΔGpbx. Because only when the chemical
driving force is weak that is, small ΔGpbx, can the catalyst

retain its initial property. When a catalyst is merely in
contact with the electrolyte, multiple properties related to
its electrochemical performance will be varied under a
large value of ΔGpbx, such as ligand substitution, varied
composition, valence change, and phase transformation,
as well as pulverization (Figure 2D). Taking advantage of
this chemical driving force, an alternative catalyst design
principle can be proposed, in which great efforts should
be concentrated on constructing an optimized local struc-
ture with desired composition/configuration as deter-
mined by chemical interaction with the electrolyte
under OCP.

3.2 | Under applying bias

Generally, electrocatalysts accelerate the reaction by pro-
moting the required electron transfer and the formation/
breaking of chemical bonds.41,42 In a conventional view, the
applied bias acts directly on the reaction coordinate through
charging the electrical double layer (Figure 3A–C). In other
words, the chemical change from reactant to product is

FIGURE 3 Chemical and electrostatic driving forces at scenarios II. (A) The catalyst–electrolyte interface under bias. (B) External bias alters
the electrostatic potential via charging the double layer and (C) the corresponding conventional oxygen evolution reaction (OER) mechanism.

(D) External bias changes the chemical potential via tuning the electronic structure of M–Omotifs. The overlap of Co 3d and O 2p orbitals results

in the generation of oxygen ligand holes under a large enough external bias. (E) The corresponding chemical oxidation OER mechanism

CHEN ET AL. 5 of 11
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driven by the electrostatic driving force. However, recent
studies have put forward that the applied bias does not
work directly on the reaction coordinate. Alternatively, it
affects the electrocatalytic current through changing the
chemical states of the M–O active sites in the catalyst
(Figure 3A,D–E).

In 2020, Yang et al. reported that a high-valence
Ir5+-containing LiIrO3 oxide could chemically oxidize
water molecules to O2 in KOH solution.43 Based on this dis-
covery, a simplified electrochemical-chemical mechanism
was proposed, in which the LiIrO3 oxide was first electro-
chemically formed before chemically oxidizing water. This
work makes a preliminary exploration of the chemical driv-
ing force during electrocatalytic water splitting.43

In the same year, Nong et al. explored the OER mech-
anism on the IrOx electrode using pulse voltammetry
(PV), operando XAS measurements and DFT calcula-
tions.44 With the help of PV experiments, they found that
the accumulated positive charges (holes) on the catalyst
scale linearly with the current throughout the potential
range, suggesting that the OER activity may respond
directly to the accumulated holes. Increasing applied bias
promotes the chemical potential and creates large hole
concentration, enabling strong chemical oxidation ability
of the IrOx catalyst. Operando XAS measurements quan-
tified the hole concentrations on the L-edge of Ir and
K-edge of O. It was found that the Ir-5d orbital is respon-
sible for the charge storage, and with increasing applied
bias, the O-2p orbital would also be activated to partici-
pate in the charge accumulation. Finally, using DFT cal-
culations, they demonstrated that the activation energy
for O–O bond coupling is insensitive to the applied bias
but dependent on the surface hole concentrations. These
findings confirm the unignorable contribution from the
chemical driving force. The investigation results on the
NiFe layered double hydroxide electrode are consistent
with that of the IrOx catalyst. In an earlier study
(in 2019), the accumulated holes were also linked to the
OER kinetics on NiFeOOH catalyst by in situ UV–vis
spectroscopy.45 Moreover, Boettcher et al. and Rao et al.
also put forward insights in chemical driving force during
OER.24,46 Later in the same year, another report revealed
the correlation between surface hole concentration and
the OER rate in the field of photocatalysis.47

The above results indicate the universality of chemi-
cal driving force during OER. It is stimulating to extend
such research to the study of non-noble metal-based cata-
lysts, which will help explain the phenomenon discov-
ered before and provide substantial opportunities for
designing next-generation electrocatalysts. For instance,
the new mechanism (Figure 3E) interprets (1) why high-
valence metal sites are more active in OER11 and (2) oxy-
gen site with ligand hole acts as active site for OER.48,49

The outstanding activity of catalysts from high-valence
metal sites or ligand holes should originate from the
unoccupied orbitals (holes) with strong oxidation ability.
Based on this new understanding, developing novel cata-
lysts that can accommodate abundant holes on metal and
ligand oxygen sites under anodic potential is a promising
strategy for enhancing OER activity.

3.3 | After cutting off the applied bias

It is worth to be noted that after cutting off the applied
bias, catalysts would not be immediately stable due to the
interfacial chemical driving force (Figure 4). Up to now,
only a few reports have studied the structural evolution
of catalysts after catalysis.50,51 Here, ‘after catalysis’ refers
to cutting off the applied bias.

In 2017, Hu et al. reported the in situ generated Ni
nanosheets for HER.50 Ex situ XPS study revealed that
after electrochemical activation in reduction condition,
the catalyst was mainly composed of Ni0 covered with a
thin layer of Ni(OH)2. However, in situ XAS measure-
ments demonstrated the presence of metallic Ni without
detecting the Ni(OH)2 phase. The observed Ni(OH)2 was
ascribed to the chemical oxidation of Ni0 after cutting off
the bias, which has been confirmed by further studies.

In 2010, Kanan et al. studied the water oxidation
behavior of the cobalt-phosphate (Co-Pi) catalysts with
the help of in situ XAS measurements.51 Upon switching
from OER potential to OCP, the negatively shifted Co K-
edge spectrum indicated that the Co-Pi with Co4+ species
is not stable, and it underwent a chemical reduction by
the electrolyte. Such spontaneous chemical reaction
between Co4+ species and H2O is triggered by the higher
redox potential of CoOOH/CoO2

35 than that of H2O/O2.
(Figure 4A) Very recently (in 2021), Mefford et al. also
observed the chemical reduction of cobalt hydroxide after
cutting off the applied bias.52

Furthermore, taking advantage of the chemical
water oxidation, Dotan et al. designed a two-step
electrochemical-chemical cycle to decouple hydrogen
and oxygen evolution.53 By using the Ni(OH)2/NiOOH
redox mediator, water is electrochemically reduced into
hydrogen at the cathode, and the anode Ni(OH)2 is oxi-
dized to NiOOH. By controlling the window of the
applied bias, OER is suppressed at the anode due to its
slow kinetics.53 Subsequently, a spontaneous chemical
reaction between NiOOH and H2O/OH

� occurred and
produced oxygen with fast kinetics at high temperature.
The alternate interval generation of H2 and O2 at differ-
ent time slots separates the gases and prevents mixing.
This is a great example of utilizing the chemical driving
force after catalysis.

6 of 11 CHEN ET AL.
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In order to intuitively evaluate the strength of chemi-
cal driving force during water splitting, we have summa-
rized redox potentials (vs. SHE) of the commonly studied
metals at pH values of 0 and 14 as shown in Figure 4B.
The reversible potentials of HER are 0 and �0.829 V ver-
sus SHE under pH values of 0 and 14, respectively. While
for the OER, they change to 1.229 and 0.401 V versus
SHE under pH values of 0 and 14, respectively. If the oxi-
dation potential of a certain material is smaller than the
reversible potential of HER, the material would chemi-
cally reduce water to H2 with itself chemically oxidized
simultaneously. Similarly, when the catalyst material has
a larger reduction potential than the reversible potential
of OER, it would oxidize water into O2 chemically. The

more significant the potential difference between the
material's oxidation (reduction) potential and the revers-
ible potential of HER (OER), the stronger the chemical
driving force.

4 | CONCLUSION AND OUTLOOK

It has been found that chemical driving force widely
exists in different stages of electrocatalytic water splitting,
which has significant influences on surface reconstruc-
tion, catalytic activity, and chemical activity. The
strength of chemical driving force has been demonstrated
to be affected by temperature, electrolyte concentration,

FIGURE 4 Chemical driving force at scenario III. (A) Chemical oxidation of H2O/OH
� by Co4+–O motifs: schematic rigid band

diagrams of Co4+–O and Co3+–O motifs and the position of the O2/H2O redox couple. (B) Redox potentials of Mn, Fe, Co, Ni, Ir, Ru, and Pt

elements at pH values of 0 and 14. The data are extracted from References36,54
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applied bias, and catalyst properties (structure, and film
thickness etc.). However, the study on chemical driving
force in the field of electrocatalytic water splitting is still
in its infancy. Considering the chemical driving force, we
advocate a re-examination of the water-splitting process.
To further promote the development in this area, some
future perspectives are raised below.

1. Revealing the relationship of chemical driving force
among three stages (before, during, and after applying
bias). Although the chemical driving force at each step
has been separately studied, the linkage among the three
stages have not yet been reported. A unified descriptor
needs to be established to evaluate the strength of the
chemical driving force at the three stages.

2. The charge accumulation mechanism may explain the
activity difference between amorphous and crystalline
materials in electrocatalysis. The study of amorphous
versus crystalline catalyst is a hot topic in water split-
ting. Amorphous catalyst usually outperforms its crys-
talline counterpart with the same composition in
OER/HER, while the underlying mechanism has not
been well explained. A landmark work has attributed
the enhanced OER activity of amorphous IrOx to its
higher surface hole coverage that is involved in the
charge accumulation.44 Isotropic amorphous materials
enable uniform charge accumulation in all directions
while anisotropic crystalline materials only allow
charge accumulation in some specific directions, thus
affecting the resulting performance. Further experi-
ments are required to verify this hypothesis.

3. Charge accumulation on metal site versus ligand oxygen
site: which catalyzes water oxidation more efficiently?
Late metal compounds such as Fe, Co, Ni, Cu, Ru, and
Ir-based oxides are candidate catalysts for OER. The
increasing valence state of metal usually generates holes
at the metal site. When reaching a higher valence state
(such as Fe4+, Co4+, Ni3+/Ni4+, Cu3+, Ru5+, and Ir5+),
the hole would shift to the ligand oxygen site, leading to
the formation of an oxygen ligand hole, which is denoted
as O1� or O• active oxygen species. The previous report
demonstrated the large density of oxygen ligand holes in
the Ir oxide as the origin of the outstanding OER
activity,55 from which we can infer that oxidizing the
ligand oxygen site is more efficient to catalyze water oxi-
dation than oxidizing the metal center. Since the elec-
tronic state of ligand oxygen is related to its coordinated
metal, clarifying the respective efficiency of the metal
center and ligand oxygen charge accumulation is thus an
open question, which can provide insights into the
nature of metal oxides/hydroxides under electrocatalysis.

4. The extension of chemical driving force. Currently, the
study of chemical driving force mainly focused on the

field of water splitting. Investigating the role of the
chemical driving force in other electrocatalytic reac-
tions (such as CO2 reduction reaction56,57 and nitrogen
fixation reaction58) will revolutionize the cognition and
promote development of the electrocatalytic field.

5. Studying the chemical driving force through analyzing
the interfacial water structure. Electrocatalytic water
splitting occurs at the catalyst–electrolyte interface,
where water molecules serve as both solvent and reac-
tant. A three-dimensional hydrogen-bond network
connects water molecules in the bulk phase, but the
hydrogen-bond network is truncated at the catalyst–
electrolyte interface. As the water adsorption energy is
comparable to the hydrogen-bond strength, the com-
petition between water–water and water–catalyst
interactions will give rise to distinct interfacial water
structures, which is dependent on the specific system
studied.20 Recent studies have shown that OER and
HER activities are tunable by manipulating the
strength of interfacial hydrogen-bond,59,60 suggesting
the critical role of interfacial water structure in deter-
mining the chemical driving force. This will bring a
key breakthrough in understanding the mechanism of
electrocatalytic water splitting.
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