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Unlocking the potential: key roles of interfacial
water in electrocatalysis

Zheng Tang, Zhongliang Dong, Lingjie Yuan, Bowen Li and Yinlong Zhu ‘= *

Interfacial water, serving as a subtle yet powerful performance modulator, plays a pivotal role in various
electrochemical technologies due to its unique configurations and dynamic properties. Especially in the
past decade, advances in electrocatalyst research, experimental characterization and theoretical
modeling have significantly deepened the understanding of interfacial water's role in electrocatalytic
systems. These as-obtained insights not only elucidate the dynamic behavior and structural properties of
interfacial water but also highlight its importance in optimizing reaction pathways and improving
electrocatalytic performance. Therefore, the understanding and regulation of interfacial water is an
important topic in electrocatalytic research, and motivated us to compile this review. This review starts
with a thorough analysis of interfacial water's properties and behaviors relevant to the electrocatalysis
including structural types, water networks, rigidity and molecular orientation. Then, the specific roles of
interfacial water in electrocatalysis are subsequently analyzed and classified as a co-catalyst, a masking
agent, a regulator of reaction intermediates, and an inducer of catalyst reconfiguration. Next, some
advanced experimental characterization and computational methods are presented to collectively probe
the interfacial water, which is critical to capture accurate structural information. Furthermore, we
present a comprehensive overview of key strategies for modulating the properties and behaviors of
interfacial water to enhance the electrocatalytic performance of representative reactions at the
electrolyte and catalyst levels, with emphasis on the specific mechanisms behind these modulation
approaches. Finally, we discuss current challenges and future opportunities in this field, aiming to inspire
the design of more advanced electrocatalytic systems.

Water-mediated electrocatalytic technologies driven by renewable electricity occupy a central place in the future of clean energy conversion. Beyond its role as a
proton source, water’s unique interfacial properties critically influence electrocatalytic processes. Its properties such as structural types, molecular orientation
and dynamic characteristics can significantly affect the proton transfer, intermediate stabilization and reaction kinetics in the electrocatalysis. A
comprehensive understanding of interfacial water helps to provide insights into the electrocatalytic reaction mechanisms and provide ideas for the design
of efficient electrocatalytic systems. This review begins with the presentation of the properties and behaviors of interfacial water relevant to electrocatalysis, and
analyzes its impact on the electrocatalytic performance as well as mechanisms. In addition, this review summarizes the main characterization and theoretical
approaches applied to study interfacial water and concludes with effective strategies to modulate interfacial water at the electrolyte and catalyst levels to
enhance the electrocatalytic performance. Finally, current challenges and future opportunities in this field are discussed. This review is devoted to a
comprehensive overview of the rapid progress of interfacial water research in the field of electrocatalysis, with the aim of providing prospective ideas and

methods for electrocatalytic research.

1. Introduction

electrocatalysis utilizing water as a medium has attracted wide-
spread attention.”® Water is an ideal carrier of both hydrogen

Water, a fundamental element on Earth, is not only essential
for sustaining human civilization but also pivotal in advancing
critical sectors such as agriculture, industry and energy
production.'™ In the era of the global clean energy transition,
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and oxygen, and electrocatalysis technology provides an effec-
tive way to facilitate water splitting under mild conditions.
Therefore, electrochemical hydrogenation and oxidative con-
version processes with water as a medium have become gentle
yet efficient methods for synthesizing high-value products.”®
As the cost of renewable electricity (particularly for the solar
and wind energy) continues to decline, such transformative

EES Catal., 2025, 3, 943-971 | 943


https://orcid.org/0000-0002-9207-2452
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ey00161g&domain=pdf&date_stamp=2025-07-15
https://rsc.li/eescatalysis
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ey00161g
https://pubs.rsc.org/en/journals/journal/EY
https://pubs.rsc.org/en/journals/journal/EY?issueid=EY003005

Open Access Article. Published on 01 liepos 2025. Downloaded on 2026-06-11 10:59:43.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

technology is rapidly accelerating the shift towards a low-
carbon economy, presenting a promising solution to the press-
ing global energy and climate challenges.”™"

Similar to the pivotal role of hydroelectric power and steam
engines in past industrial revolutions, water is now integral to
the 21st century’s energy transition.">"? Since Mrs Fulhame’s
discovery in 1794 that water plays a non-consumptive role in metal
reduction by hydrogen, our understanding of water in chemical
reactions has advanced dramatically.'"* It was discovered that
water can act as a “catalyst” or “mediator”, not just a solvent
or reactant. In addition to its widely recognized role as a proton
source, emerging electrochemical technologies such as water
electrolysis,'>>* CO, conversion,>* >’ and nitrogen cycling,*® exten-
sively depend on the mysterious and unique properties of water.
For instance, its distinct structure,***° dynamic evolution,***
unpredictable hydrogen bonding network reorganization,**>* rigid
dimensions,® and profound orientation all play key roles in
facilitating  proton  transfer,*?**”  modulating  reaction
intermediates,'® and influencing the dynamics of solvation
shells.*® These interfacial phenomena have profound implications
for electrocatalytic activity and reaction kinetics, underscoring the
necessity of understanding water’s behavior at the molecular level
to improve the electrocatalytic performance and address the
energy challenges.

Electrocatalysis occurs at the nanoscale interface between
the electrocatalyst and electrolyte, known as the electrical double
layer.>**® Interfacial water in this region forms a distinct layer with
unique structural and dynamic properties, as shaped by the
electric field and electrode surface.*' Beyond acting as a solvent,
interfacial water plays a critical role in proton transport, reactant
adsorption and surface charge modulation, directly participating
in reactions through electric field interactions.*” Understanding its
structure and dynamics is essential for optimizing the electroca-
talytic systems. However, the study of interfacial water has been
limited by experimental and theoretical challenges, as well as its
inherent complexity and variability during reactions. Fortunately,
recent advancements in catalyst research, experimental
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characterization techniques and theoretical models have led to a
surge of interest in interfacial water. For example, Wang et al.
obtained the first sub-molecularly resolved images of water mole-
cules in real space.*® Moreover, in situ shell-isolated nanoparticle-
enhanced Raman spectroscopy, combined with ab initio molecular
dynamics simulations, has for the first time provided insights
into interfacial water’s structures, including hydrogen-bonded
water and Na'-ion hydrated water."" Additionally, the combination
of second harmonic (SH) and hyper-Raman scattering (HRaS)
with nonlinear light scattering has enabled precise resolution of
hydrogen bonds in water, allowing for the quantification of charge
transfer and nuclear quantum effects (NQEs) in water molecules.**
Interfacial water is now recognized as more than just a passive
component of the reaction environment. Its unique structural
orientation, hydrogen bonding network and dynamic reorganiza-
tion considerably influence catalytic performance, reaction
selectivity and the stability of intermediates. In recent decades,
interfacial water research has achieved numerous breakthroughs
as an important direction for developing novel regulatory strate-
gies and revealing the potential mechanisms of electro-
catalysis.*"*>*” Therefore, a thorough review of the progress in
interfacial water research is essential, systematically addressing its
structural characteristics, dynamic behavior and specific roles in
typical electrocatalytic reactions.

In this review, we present a comprehensive overview of
interfacial water’s key role in electrocatalysis, as schematically
illustrated in Fig. 1. This review is structured in the following
parts. We first present a detailed analysis of interfacial water’s
properties and behaviors relevant to electrocatalysis, encom-
passing its structural types, water networks, rigidity and mole-
cular orientation. Next, the roles interfacial water play in the

S Interfacial
water" | ©

Fig. 1 Schematic illustration of interfacial water in electrocatalysis as
summarized in this review, including basic properties, mechanistic insights
of interfacial water, experimental characterization and computational meth-
ods and modulation strategies for enhanced electrocatalytic performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Basic properties of interfacial water in electrocatalysis

Rigidity

Fig. 2 Schematic illustration of basic properties of interfacial water in
electrocatalysis.

electrocatalytic process are proposed including as a co-catalyst, a
masking agent, a regulator of reaction intermediates and an
inducer of catalyst reconfiguration. Subsequently, the development
and application of some key experimental characterization tech-
niques and theoretical simulations employed to study interfacial
water are outlined, emphasizing their critical role in revealing the
properties of interfacial water. Then, we explore several strategies
for modulating the interfacial water properties and behaviors at
the electrolyte and catalyst levels to improve the electrocatalytic
activity, focusing on analyzing the specific mechanisms behind
these modulation approaches. Lastly, some existing challenges in
this emerging field and an outlook on future opportunities were
provided. We believe that this comprehensive review will not only
deepen our understanding of the critical role interfacial water in
electrocatalysis but also provide valuable insights for the design of
advanced electrocatalytic systems.

2. Basic properties of interfacial water
in electrocatalysis

In electrocatalysis, interfacial water molecules play a key role in
surface chemical reactions and mass transfer processes.’®*?
Influenced by the applied potential, nature of electrode surface,
dissolved ions and other factors, the properties of water can be
quite different from those in the bulk phase. The properties
and behaviors of interfacial water including its structural types,
hydrogen bonding network, rigidity and molecular orientation,
exert a profound impact on the reactivity, stability and effi-
ciency of electrochemical processes. In the following sections,
we will explore each of these properties (Fig. 2) and examine the
relationship with the electrocatalytic activity.

2.1. Structural types

The influence of interfacial water’s structure on the electro-
catalytic process remains an area of active research.’®*° Water
molecules are polar and have dipole moments, therefore they
tend to be arranged in a complex network of hydrogen bonds.”*
These interactions create a dynamic and cooperative network of
water molecules.>> However, interfacial water molecules can be
oriented to form localized structures in response to external
stimuli under electrocatalytic conditions. These stimuli include

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic illustration of structural types of interfacial water.

applied potentials, local pH, and surface charge, among
others.>® With advancements in coordination chemistry, cata-
Iytic studies and molecular dynamics simulations, specific
coordination structures of water have been proposed to empha-
size the interactions between water molecules and catalyst
surfaces or other molecules at the molecular level.>*>” The
interfacial water’s structure at the electrode-solution interface
is categorized into four common types: dangling O-H water,
dihedral coordinated water, tetrahedral coordinated water and
hydrated ions (Fig. 3).

2.1.1. Dangling O-H water. In electrocatalysis, dangling
O-H water molecules are characterized by weak interactions
between their O-H bonds and atoms on the electrode or
catalyst surface, with the other end suspended in the liquid
phase. These dangling O-H groups facilitate proton transfer
through the breaking and reformation of O-H bonds, promot-
ing the activation and conversion of reactants.”®*® In the case
of dangling O-H water molecules, their interaction with the
catalyst surface plays a crucial role in water dissociation into H"
and OH ™. Impressively, Sun and colleagues thought that dan-
gling O-H water molecules exhibit superior dissociation activity
compared to other water configurations, which promotes
superior HER performance.” Similarly, another study further
confirmed the role of the excellent hydrolytic dissociation
ability of dangling OH water on HER performance.®® The
increased content of dangling O-H water can reduce the energy
potential for water dissociation and enhance the binding
affinity of Pt atoms for active hydrogen intermediates, thereby
leading to superior HER performance (Fig. 4a). Moreover, the
excellent hydrolytic dissociation ability of dangling OH water
facilitates a few hydrogenation reactions.®"®”> As shown in
Fig. 4b, the dissociation of dangling O-H water accelerates
the hydrogenation of *NO intermediates and efficiently con-
verts NO;~ to NH; through the Cl-coordination-induced center
shift of the d-band of palladium atoms.**

2.1.2. Dihedral coordinated water. Dihedral coordinated
water refers to water molecules that are linked to two other
water molecules through hydrogen bonds, forming smaller
aggregates. This type of coordination typically results in
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Fig. 4 (a) Raman shifts of various interfacial H,O structures.®® Copyright 2024, Nature Publishing Group. (b) Peak area content of three interfacial water
structures on s-PtTe NSs catalysts.®? Copyright 2024, American Chemical Society. (c) The peak area of 4-HB-H,O, 2-HB-H,0, and K-H,O on Pd(100),
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concentrations dispersed in the nonaqueous [BMIMI[BF,] ILs.>? Copyright 2023, American Chemical Society. (e) Gibbs free energy diagram for a-Ru/
NiMoO,, a-RuMo/NiMoO, and c-RuMo/NiMoO, in the HER process.®” Copyright 2025, Wiley-VCH. (f) Typical configurations representing the free
energy diagram of *CO protonation.”® Copyright 2024, American Chemical Society.

stronger adsorption of water on the catalyst surface, as each
water molecule occupies two coordination sites with the metal
surface. Despite its relatively low stability, dihedral coordinated
water functions as a reaction intermediate or a structural
transformer in certain electrocatalytic processes, influencing
both the reaction rate and selectivity. For example, Ye et al.
demonstrated the dihedral coordinated water on the Pd(100)
surface effectively accelerates the semi-hydrogenation rate and
improves olefin selectivity (Fig. 4c).®* Analogously, tensile
strain induced by PdCu icosahedral twins has been certified
to facilitate the transformation of interfacial water structures.®*
The K-H,O species promoted by tensile strain accelerates water
splitting, thereby enhancing the efficiency of electrocatalytic
semi-hydrogenation (ECSH), while dihedral-coordinated water
contributes to improve olefin selectivity. Dihedral coordinated
water molecules are thought to adopt a linear arrangement on
the catalyst surface, maximizing electron cloud overlap. In the
conversion of alkynes to olefins, the planar nature of olefins
causes them to lie flat on the catalyst surface, leading to the
significant repulsion with the surrounding water molecules.
This spatial resistance promotes olefin desorption, thereby
enhancing olefin selectivity in ECSH reactions.

2.1.3. Tetrahedral coordinated water. Tetrahedral coordi-
nated water refers to water molecules connected to four other
water molecules through hydrogen bonds, forming a highly
ordered hydrogen bonding network. This configuration repre-
sents a common and robust hydrogen bonding water structure.
Both dangling O-H water and tetrahedral coordinated water are
crucial for electrocatalytic reactions, but their impacts differ.

946 | EES Catal, 2025, 3, 943-971

Dangling O-H water plays a pivotal role in proton transfer and
hydrolysis processes, particularly for the HER wherein it
enhances the electrocatalytic activity by increasing the proton
transfer efficiency and lowering the reaction barrier.”® In contrast,
tetrahedral coordinated water promotes the reactant dissociation,
electron transfer, and stabilization of reaction intermediates by
providing a stable hydrogen-bonding network, thereby improving
the electrocatalytic efficiency and selectivity.*>®® For instance,
Li et al. found that the hydrophobic tributyl ammonium bromide
cation promotes the formation of an extended asymmetric tetra-
hedral coordinated network at the interface, facilitating OH™
transport through the Volmer step of the EDL and enhancing
the HER performance (Fig. 4d).** Tetrahedral coordinated water
could also accelerate the dynamic conversion of interfacial water
and increase the electrocatalytic rate by leveraging its stable
hydrogen bonding network. In a recent study, the amorphous
and alloy structure of a-RuMo/NiMoO,/NF modulates the inter-
facial water network.”” As depicted in Fig. 4e, the modulated
catalyst not only reduces the coordination number of surface
atoms and improves interfacial charge distribution but also low-
ers the d-band center. Such transformation effectively induces the
conversion of K'-H,O to tetrahedral coordinated water, thereby
accelerating water dissociation and enhancing HER performance.
These examples illustrate that tetrahedral coordinated water
enhances the adsorption and dissociation of reactants through
its stable hydrogen bonding network, thereby increasing the
reaction rate.

2.1.4. Hydrated ions. Water, as a highly polar molecule,
can interact with dissolved ions to form clusters through a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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process known as ionic hydration. These clusters, referred to as
hydrated ions, arise from hydrogen bonding interactions
between water molecules and ions, creating a “hydration shell”
of water molecules around the ions.®®7° Hydrated ions exhibit
critical chemical and physical properties that influence the
reaction rate, equilibria, and electrical conductivity. The ear-
liest experimental work in this aspect can be traced back to
Walther Nernst’s transference experiments.”’ Hydrated ions
have garnered widespread attention in electrocatalysis due to
their ability to accelerate the reorganization of water networks
under applied voltages, which leads to the enhanced charge
transfer and improved electrocatalytic efficiency.”> For example,
Li et al.’s study reveals that water molecules bonded to cations at
the interface are reorganized into a more ordered structure
under the synergistic effect of cations and electrode potentials.
This reorganization facilitates charge transfer between the elec-
trode and water molecules, considerably enhancing the HER
rate.*" Hydrated ions can also modulate the dynamic behavior of
water at the electrode/electrolyte interface.”*’* For instance,
larger cations can approach the interface through desolvation
and partially coordinate with CO* and COH* species.”® This
environment prevents H atoms in surrounding interfacial water
from interacting with oxygen atoms of interfacial water, effec-
tively hindering further hydrogenation along the C, pathway

(Fig. 4f).
2.2. Water networks

Due to its polar nature and curved molecular geometry, water
molecules tend to form unique hydrogen bonds with each
other, creating a three-dimensional water network. The water
network is macroscopically disordered as a whole due to its
dynamic qualities, but water molecules receive external influ-
ences that usually realize local structures.”>”® Water networks
play a key role in electrocatalysis, directly affecting reaction
kinetics, stability of intermediates and overall electrochemical
efficiency. For instance, Luo et al. proved that the structurally
ordered interfacial water molecules promote efficient proton-
coupled electron transfer across the interface, lowering the
energy barrier for subsequent dissociation processes.*' The
water networks will also interact with ions in solution to
achieve microenvironmental regulation.”” For instance, Li
et al. pointed out that when amphiphilic cationic surfactants
are used to reorganize interfacial water, an ordered assembly is
formed at the charged electrode-electrolyte interface. This kind
of interfacial microenvironment realizes the enrichment of CO,
and increases the selective electroreduction of CO, to CO
(Fig. 5a). In addition, the dynamic nature of the water network
allows for rapid reconfiguration in response to changing elec-
trochemical conditions. Changes in localized hydrogen bond-
ing can alter the electrostatic interactions between the
electrocatalyst and the adsorbed substances, thereby affecting
their adsorption energies and reaction kinetics. For example, at
high negative polarization potentials, the water networks are
induced by hydrophobic cations to form a relatively disordered
asymmetric tetrahedral coordinated water network. Compared
with the strongly hydrogen-bonded tetrahedral coordinated

© 2025 The Author(s). Published by the Royal Society of Chemistry
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water network, the tetrahedral coordinated water network has
a shorter distance to the catalyst, which facilitates the OH™
migration on the EDL in the Volmer step.*? Additionally, dis-
rupting the high connectivity of the water network can effectively
modify the water structure to regulate proton dynamics.”®
Impressively, Peng et al. disrupted the stringent hydrogen bond-
ing network by introducing harder Lewis acids (e.g., ZrO,, TiO,,
and HfO,), thereby promoting efficient proton transport and
improving the OER activity (Fig. 5b).**

2.3. Rigidity

The rigidity of the interfacial water layer is a structural char-
acteristic that reflects the behavior of hydrogen bonds at the
interface. Due to the structural constraints imposed by the
surface, the rigidity is closely associated with the density and
reorientation of these hydrogen bonds. Specifically, as the
system approaches the zero free-charge potential, the hydrogen
bonds tend to be more capable of reorienting, which can
facilitate the recombination. Conversely, the farther the system
moves from this potential, the more rigid the water becomes,
thereby hindering its reorganization.>® Under acidic and alka-
line conditions, the ordination and rigidity of the interfacial
water are significantly reduced due to the influence of H" and
OH ", which leads to localized hydrogen bond breaking and
dynamic reorganization. In contrast, interfacial water in neutral
media forms a highly ordered tetrahedral network structure
through dense hydrogen bonding and tends to be stiffer than
interfacial water layers in acidic and alkaline media.”® Rigid
interfacial water forms a dense network of hydrogen bonds that
may prevent reactants from approaching the catalyst surface
and reduce mass transfer efficiency. However, its qualities may
optimize intermediate adsorption and stabilize certain inter-
mediates in a directed arrangement, making it suitable for
reactions that require stabilization of intermediates.>® For
example in the CO,RR, strong intermolecular hydrogen bonds
make it difficult to reorient the water, resulting in longer metal-
H distances, which inhibits hydrolysis and reduces H* cover-
age. A moderate H* coverage not only inhibits the HER, but also
ensures the hydrogenation of intermediates, thus facilitating
C-C dimerization with a schematic of the hydrogen bonding
structure of interfacial water shown in Fig. 5c.

2.4. Orientation

Interfacial water orientation plays a critical role in electrocata-
lysis, which refers to the alignment of water molecules at the
catalyst-electrolyte interface.®® Since water molecules reorient
themselves rapidly in response to hydrogen bond donor-acceptor
interactions, the orientation of interfacial water is far more
intricate than previously anticipated.’’”® The orientation can
significantly influence the reactivity, proton conduction, and
overall reaction mechanism. It is found that when the interfacial
water molecule adopts the “H-down” orientation, it forms a
configuration with O-H bonds pointing to the active site. The
“H-down” orientation allows H' to jump directly to the surface of
the catalyst through the hydrogen-bonding network, and drasti-
cally reduces the proton transfer energy barrier.*>** Remarkably,

EES Catal., 2025, 3,943-971 | 947
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Tian et al. obtained the Raman signals of interfacial water for the
first time on the surfaces of Au(111) and (100) single-crystal
electrodes. In situ two configurational transitions of interfacial
water during the HER were observed: the interfacial water changes
from a “parallel” structure to a single “H-down” and then to a
double “H-down” structure as the potential shifts negatively,
significantly enhancing the HER rate.*® Besides, a similar phe-
nomenon is also observed by Chen et al. in characterizing the
surface-limited interfacial water molecule structure of graphene.®*

Interfacial water is very sensitive and its orientation is
influenced by a number of factors. For example, a Kkinetic
investigation of the HER on Pt surfaces at different pH values
reveals that the orientation of interfacial water shifts from an
“O-down” configuration below pH 10 to an “H-down” configu-
ration above pH 10 (Fig. 5d and e).*® Furthermore, Ren et al.
found the electron-rich environment on the O atoms induces a
conformational change of interfacial water molecules from “O-
down” to “H-down,” resulting in a disordered interfacial water
network (Fig. 5f).%” It is also worth noting that the orientation
kinetics in finite space and in vivo are quite different, since the
dipole-related relaxation time of H,O molecules in narrow

948 | EES Catal, 2025, 3, 943-971

CNTs has been reported to be much slower than that of native
water, and these orientation kinetics will significantly affect the
chemical activity and proton transfer of water.®®

3. Mechanistic insights of interfacial
water in electrocatalytic reactions

Interfacial water exhibits remarkable advantages in electroche-
mical research due to its unique physicochemical properties,
including its diverse molecular forms, exceptional solvent
capacity, efficient mass transport and moderate reactivity. In
the last few decades, a great deal of work has prioritized
customizing catalyst structures while overlooking the influence
of water molecular structure on catalytic mechanisms and
performance. Over recent years, with the advancement of high
temporal and spatial resolution spectroscopy, the effect of
water structure on electrocatalytic mechanism and perfor-
mance has attracted widespread attention. Therefore, we will
next explore the function of interfacial water in several types of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conventional electrocatalytic reactions (e.g., HER, OER, CO,RR,
and NO; RR).

3.1. As a co-catalyst

Due to its unique structural and dynamic properties, interfacial
water acts as a co-catalyst in electrocatalysis, significantly
affecting the electrocatalytic activity. One of the features is to
act as a proton transfer medium by adjusting the structure,
rigidity, and orientation of the interfacial water at the micro-
scopic level and reorganizing the hydrogen bonding network at
the macroscopic level. For example, Tan et al. found that the
strongly-negative charged Pt,Co, configuration optimizes the
reorganization of the interfacial water structure. Elevated con-
centrations of hydrated K' accelerate proton transport by
enhancing Pt-H binding interactions and facilitating H-OH
bond polarization, which increase HER activity (Fig. 6a).*”
Besides, Zhai et al. reconstructed the connected hydrogen
bonding network between the Mn-Co3;0,@CN-electrolyte inter-
face by coupling hydrophilic units. Hydrogen bonding interac-
tions between CN units and H,O molecules promote proton
enrichment and thus the dehydrogenation process.®® In addi-
tion, interfacial water can generate active sites through inter-
action with the electrocatalyst.’® Impressively, when they
interact with surface hydroxyl oxides in the OER, the hydro-
philic nature of the surface has been shown to accelerate the
rate of charge transfer between the electrolyte and the elec-
trode, thereby enhancing OER activity.’® Furthermore, inter-
facial water molecules also interact with solution ions. During
electrocatalysis, the high mobility of water molecules promotes
efficient transport of charged species across the electrode sur-
face, thereby minimizing the kinetic barriers associated with
mass transfer.”*

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.2. As a masking agent

In electrocatalytic reactions, water plays a distinctly dual role,
acting either as a promoter or as an inhibitor of the reaction.
Water molecules exhibit a strong adsorption capacity on the
electrode surface, potentially competing with reaction sub-
strates (e.g., CO,, O,) or intermediates for access to active sites.
For instance, it has been observed that an excess of water can
cover pt active sites, thereby hindering O, adsorption and
electron transfer.”> Additionally, it has been suggested that an
overabundance of interfacial water may result in the unavail-
ability of active sites on the electrocatalyst surface or impede
gas diffusion. Such challenges often necessitate the modulation
of the local density of interfacial water to maintain the hydro-
phobicity of the electrode surface, a topic that will be addressed
in Section 5.2.1. In the OER, interfacial water may also induce
the oxidation of certain metal catalysts during the catalytic
process, consequently leading to a reduction in catalytic
activity.”® In neutral media, interfacial water forms a dense
hydrogen bonding network, making it harder than in acidic or
alkaline conditions, which can hinder reactants from reaching
the catalyst surface and lower mass transfer efficiency.”®

3.3. As a regulator of reaction intermediates

The interaction among interfacial water, intermediates, and
electrocatalysts can modify the binding strength between inter-
mediates and catalytic sites, thereby influencing the adsorption
of reaction intermediates. This modulation attenuates the
excessive adsorption of intermediates on the catalyst surface.
In a recent study, we modulated the electronic structure of
antiperovskites through an A-site tuning strategy to facilitate a
shift in the conformation of interfacial water. The transition
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from 2-HB-H,0 to K-H,O is more conducive to the dissociation
of adsorbed water, thereby enhancing HER activity (Fig. 6b).”*
In addition, it can be useful to study interfacial water in a wider
range of reaction systems, such as the CO,RR, which are more
complex and challenging than the HER.® The interaction of
interfacial water with intermediates will directly affect the
reaction pathway. For example, Zhang et al. disrupted the
hydrogen bonding of interfacial water and reduced H,O activity
to affect *CO surface coverage, revealing the role of interfacial
water in controlling the branching between the C; and C,"
pathways in the CO,RR.°® As another example, water adsorp-
tion contributes to the release of CO from the Au catalyst,
hindering further reduction. In contrast, carbonate desorption
helps CO to accumulate on Cu to permit further reduction to C,
products (Fig. 6¢).”” Furthermore, for multi-step pathway reac-
tion processes, interfacial water can modulate the H* adsorp-
tion capacity in addition to accelerating water dissociation to
ensure sufficient H* on the catalyst surface.”®"®

3.4. As an inducer of catalyst reconfiguration

Structural reconstruction due to dynamic interactions between
water and electrocatalysts in an electrochemical environment is
a core determinant of catalyst stability and activity. This process
involves complex phenomena such as surface atomic rearrange-
ments, phase transitions, and dissolution/redeposition.’® This
structural reconstruction can be driven by factors such as
changes in potential, pH and reactant concentration.'**'°! In
the OER, high oxidizing conditions induce surface oxidation or
phase transition of metal oxides, which can enhance electro-
catalytic activity and stability. One example is the IrO,/SrIrO;
catalyst which underwent leaching of Sr after the OER with the
formation of IrO; or IrO, on the surface (Fig. 6d).'> Water can
also contribute to the stabilization of specific catalytically active
substances, facilitating specific fundamental reaction steps that
enhance performance. For example, the presence of water can
lead to the formation of hydrated substances or hydroxylated
surfaces, which typically creates more active sites for electro-
chemical reactions.'® In reduction reactions, oxide catalysts
may be reduced to the metallic state, accompanied by dramatic
shifts in surface composition, electronic structure and morpho-
logical structure. For instance, Xiao et al. found that the kinetics
and thermodynamics of CO, adsorption/activation and CO
coupling are significantly improved when Cu' is partially
reduced to Cu®.’® The remodeling phenomena have also been
discovered for HER catalysts. For example, Gao et al. investigated
the surface remodeling of Mo,C-Mo0O,: from Mo(vi) to Mo(wv)
and achieved enhanced HER in 1 M HClO,.'®®

4. Advanced experimental
characterization and computational
methods

There has been significant progress in methods for character-

izing interfacial water with the continuous advancement of
science and technology as well as the improvement of
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experimental equipment. In the last decade, modern techniques
such as scanning tunneling microscopy (STM), in situ vibrational
spectroscopy, and X-ray absorption spectroscopy (XAS) have greatly
enhanced the accuracy, reliability, and resolution of experiments,
offering higher dynamic, spatial, and temporal precision.'*'%%
Compared to other methods, spectroscopy provides a more com-
prehensive and flexible understanding of water molecule behavior
on catalyst surfaces, making it an indispensable tool in the
research of interfacial water.'*''® However, no single technique
can fully capture the complex and dynamic behavior of interfacial
water. The development of ab initio molecular dynamics (AIMD)
has introduced a powerful theoretical tool for studying interfacial
water, enabling detailed atomic-level insights into water molecules
on the electrocatalyst surface.*** '3 By offering atomic-level details
on the local structure of interfacial water, electron density dis-
tribution and electronic interactions with the catalyst surface,
AIMD provides valuable insights into key phenomena such as
adsorption, desorption, structural changes, solvent effects, and the
interaction of water in the electrocatalytic processes. In this
section, we will focus on the most widely used techniques for
studying interfacial water: in situ XAS, in situ surface-enhanced
Raman spectroscopy (SERS), in situ surface-enhanced infrared
spectroscopy (SEIRAS), and AIMD. These methods provide critical
insights into the structural and dynamic properties of interfacial
water, advancing our understanding of its role in electrocatalytic
systems.

4.1. In situ XAS

As displayed in Fig. 7a, XAS including X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS), provides critical insights into interfacial
water in the electrocatalysis.”” For example, XANES reveals
how interfacial water influences the electronic states of electro-
catalyst surface, enhancing our understanding of water’s elec-
tronic effects on electrocatalytic reactions."**'"> By combining
XANES with EXAFS, it is possible to gain a deeper insight into
the effect of interfacial water on the electrocatalytic activity and
reaction mechanism. A previous XAS-based study has shown
that the concentration of hydrogen bonds, in the first few
aqueous layers near the electrode surface, is significantly lower
than in bulk water. Specifically, half of the interfacial water
molecules exhibit fully saturated hydrogen bonds within about
1 nm from the electrode. In contrast, the other half are
hydrogen-bonded and broken, which provide early evidence
of the dynamic structural evolution of interfacial water."™*
Subsequent studies further elucidated the structural changes
of interfacial water during electrocatalysis, providing detailed
mechanistic insights. For instance, Zhang et al. employed
in situ XAS to demonstrate that the valence state of Cu,Cl,-
(BIANP), decreases with a new coordination mode appearing at
1.4 A (Fig. 7b).2% The presence of Cl significantly influences the
concentration of K-H,O on the electrocatalyst surface, which
can enhance water dissociation and generate more reactive H*,
thereby further facilitating the multi-step hydrogenation of
NO; ™ to NH;. Similarly, FT-EXAFS analysis reveals an increased
radial distance in the Pt-O (L) configuration, suggesting that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the evolution of interfacial water from an “O-near” to an “O-
far” configuration accelerates the proton transfer and reaction
rate (Fig. 7¢)."*® Additionally, XAS and ambient pressure X-ray
photoelectron spectroscopy (AP-XPS) confirms that Mo’" sites
enhance the adsorption and activation of interfacial water, thus
contributing to the remarkable activity."'”*'

4.2. In situ SERS

The observation of intense Raman signals from pyridine on
roughened Ag electrodes marked the discovery of surface-
enhanced Raman scattering (SERS)."'® In contrast to conventional
Raman scattering, SERS leverages the optical properties of nanos-
tructures with plasmonic characteristics, which leads to a sub-
stantial enhancement of the Raman signals from target molecules
located in close proximity to the plasmonic metal nanostructures
(Fig. 7d)."*® This enhancement is linked to surface plasmon
resonance (SPR), where a rough electrode surface is
required.””'*> Noble metals like Ag, Au, and Cu, as well as
non-metallic materials such as transition metals, semiconductors

© 2025 The Author(s). Published by the Royal Society of Chemistry

and graphene, are able to generate significant SERS effects.'** The
key advantage of SERS is its ability to amplify signals from species
adsorbed on metal nanostructures while minimizing interference
from bulk solution molecules, thereby making SERS a powerful
tool for studying the dynamic evolution of interfacial water
structures and catalyst surfaces.'>*'*

However, traditional SERS substrates confront the limitations
in spatial resolution and interference between sample molecules
and the substrate. To address this, plasma-enhanced Raman
spectroscopy (PERS), including shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS), has been
developed.'*® Tian et al. pioneered ultra-thin, non-porous inert
shell layers to encapsulate nanoparticles, overcoming substrate
material limitations and enabling the first Raman detection of
interfacial water on Au(111) single-crystal electrodes (Fig. 7e).*
Based on this, Li et al designed a vertical electrochemical
Raman cell to reduce hydrogen bubble interference during
in situ measurements (Fig. 7f).*" They found that interfacial
water consists of hydrogen bonding networks and hydrated
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Na', which dynamically translates from disordered to ordered
configurations under HER conditions. The ordered structure can
facilitate efficient electron transfer, consequently enhancing the
HER activity (Fig. 7g and h). These studies significantly advance
the use of SERS in characterizing interfacial water, providing key
insights into its role in interfacial reactions and electrochemical
kinetics.

Despite these advancements, the field of macro-optical
design for SERS is still emerging. Future progress could depend
on advanced strategies to fabricate nano/microstructures that
optimize the SERS effect. For macroscopic optics, scanning
microsphere microscopy, which has received much attention in
recent years, converges excitation light into nano-jets through
microscale dielectric spheres.'”**® The combination of scan-
ning microspheres and plasma-enhanced substrates is
expected to broaden the application areas of SERS."?°

4.3. In situ SEIRAS

The discovery of the surface-enhanced infrared absorption
(SEIRA) effect dates back to the pioneering work of Hartstein
et al., who observed a significant amplification of the infrared
absorption signal of nitrobenzoic acid films on silicon sub-
strates in the presence of Ag or Au."° Initially identified on
noble metal films like Au, Ag, and Cu, the SEIRA phenomenon
is later extended to other metals such as Pt, Sn, Pd and In,
which form nanostructured island layers on substrates. When
samples are adsorbed onto these metal films and illuminated
with photons at resonant frequencies, the localized light field’s
energy density increases, enhancing the absorption rate per
unit volume. In recent years, SEIRAS has experienced rapid
advancements driven by progressive research efforts.'*' '3

Similar to SERS, SEIRAS leverages plasmonic surface enhance-
ment effects to significantly improve the surface selectivity. When
irradiated with light near the plasmon resonance frequency, an
intensified electromagnetic field is generated around metal nano-
particles supported by a solid substrate. This localized field
confined to a few nanometers, dominates the overall signal to
make SEIRA highly sensitive to surface phenomena (Fig. 8a)."** By
using this technique, localized hydrogen bonding states of water
near metals and self-assembled membranes were found."**™**” To
better understand how interfacial water structures influence the
electrocatalytic processes, in situ SEIRAS has become increasingly
important.*® Via in situ SEIRAS, it has been demonstrated that
water molecules at the interface form an enhanced hydrogen
bonding network in neutral media, hindering the transport of
H,O0*/OH* species and enhancing HER activity (Fig. 8b and c).'®
Similarly, Zhou et al. confirmed that the rigid water networks
around Li" restrict hydrogen atoms from approaching adsorbed
CO,, while the more flexible network around larger cations like
Na' facilitates water reorientation and thereby enhances hydrogen
proximity to CO, (Fig. 8d and e).**

Macro-optics design should not only be suitable for nano-/
micro-optics design, but also for practical applications. Nano-
infrared spectroscopy has improved spatial resolution to the
nanometer scale, but it has difficultly working in aqueous
environments. Recently, the ATR prism-coupled optics partially
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overcame the limitations of nano-IR spectroscopy and imaging
in liquid environments.’*>**° These innovations enable more
precise characterization of interfacial water’s dynamics, paving
the way for a deeper understanding of its role in electrocatalytic
processes.

4.4. Other characterization techniques

In addition to the above main characterization techniques, other
effective techniques such as the STM, atomic force microscope
(AFM), solid-state nuclear magnetic resonance (SSNMR) and
dynamic contact angle (DCA) also play an important role in the
study of interfacial water’s substructure, arrangement and
orientation."*”'*™'*3 For example, STM can analyze the electronic
properties of water molecules at interfaces and observe the
dynamics of interfacial water under different environmental con-
ditions. The high-resolution images of the surface topography
help to observe the arrangement of interfacial water molecules
and their interaction with the solid surface provided by AFM.
However, all these experimental characterization techniques have
their own limitations. For example, SSNMR is less sensitive
compared to other techniques and may not accurately detect
interfacial water at low concentrations. STM is limited in its
application to electrocatalysts with high specific surface area or
complex surface structures. Therefore, in order to more accurately
explain the properties of interfacial water in electrocatalysis,
multiple characterization techniques need to be employed
simultaneously to comprehensively analyze the structure, orienta-
tion and dynamic evolution of interfacial water molecules.

4.5. AIMD

While traditional experimental techniques such as XAS, SERS and
SEIRAS provide valuable insights into the structure of interfacial
water, they are limited in capturing dynamic behavior and
molecular-scale interactions. Classical molecular dynamics,
widely used to characterize key properties of liquids at interfaces,
relies on parameterized force fields and is not optimized for
interfacial systems.'***> AIMD is not constrained by these limita-
tions and provides an atomic-level description of interactions
between water molecules and electrocatalyst surfaces, offering
insights into adsorption modes, structural changes, and electro-
nic states. By simulating the adsorption, desorption, and reaction
processes of water on the catalyst surfaces, AIMD predicts water’s
behavior and structure under various reaction conditions, espe-
cially for some cases that are difficult to observe experimentally.

As a crucial complementary tool, AIMD has been applied to
study the structure of water and electronic energy levels at
electrochemical interfaces."*® For example, Tuckman et al. used
AIMD simulations to investigate the solvation state of protons in
water, demonstrating the presence of intrinsic and Zundel cations
and revealing the ordering of local water molecule structures.'*”
Selloni et al. explored the dynamics of excess electrons at the
TiO,-water interface, showing the facet-dependent electrocatalytic
behavior consistent with experimental observations.'*® Besides,
AIMD has proven particularly valuable for studying the structural
and dynamical characteristics of water molecules, which are often
challenging to probe experimentally. For instance, Sautet et al.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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utilized AIMD to characterize the water and y-Al,05(110) interface
at the atomic scale, revealing significant reorganization of proton
distribution within the chemisorbed water layer and its great
influence on electrocatalytic mechanisms.'*® Water molecules
exhibit distinct angular orientations, with translational self-
diffusivity reduced by up to two orders of magnitude and angular
relaxation time increased by as much as sixfold. At the same time,
AIMD calculations are increasingly being utilized to guide the
design of catalysts.® The H,O molecules at the customized Ru/
Nb,Os interface were reoriented due to the negatively charged
regions, which increased the free water near Ru and improved the
HER activity under neutral conditions (Fig. 8f).

AIMD provides a critical theoretical framework for studying
the properties of interfacial water and reaction mechanisms,
offering precise atomic-level insights into dynamic hydrogen
bonding network evolution and conformational changes.'*®
With continued advancements in computational power and
algorithms, AIMD is expected to be able to significantly
enhance our understanding of molecular interactions at inter-
faces, contributing to the design of new electrocatalysts and the
optimization of electrocatalytic interfacial microenvironments.

5. Modulation strategies for enhanced
electrocatalytic performance

As reported, significant progress in the last decade has been
made in the design of high-performance electrocatalytic systems

View Article Online
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by modulating interfacial water’s properties.”>*>’**> In this
section, we will summarize some representative strategies for
modulating interfacial water to improve the electrocatalytic
performance (Fig. 9) and enhance the understanding of the
key role of interfacial water in electrocatalysis from the perspec-
tives of both the electrolyte (including alkali cation regulation,
special solvent regulation, and pH regulation) and electrocatalyst
(including surface modification and interface construction).

5.1. Electrolyte aspect

The electrolyte can modulate the properties of interfacial water,
mainly because the solvent, solutes, and special additives in the
electrolyte as well as their interactions can significantly affect the
structure, kinetics, and chemistry of the interfacial water. For
example, solvent molecules (e.g., water and organic solvents) and
solute ions (e.g., Li", Na" and K') in the electrolyte form a stable
shell layer through solvation, and this solvation can change the
arrangement of interfacial water molecules and hydrogen bond-
ing network.’> Furthermore, the cations in the electrolyte can
affect the structure and properties of the interfacial water through
radius and size."® In this section, we summarize three main
methods from the electrolyte aspect, which include alkaline
cation regulation, special solvent regulation and pH regulation.
5.1.1. Alkaline cation regulation. Alkali cation regulation
refers to the phenomenon wherein cations in alkaline environ-
ments influence the structural, chemical and dynamic properties
of water molecules at solid surfaces or electrode interfaces."*?
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This modulation can direct the electrocatalytic process along a
preferred reaction pathway, thereby affecting product distribu-
tion, reaction rates and overall selectivity. Although alkali cations
are typically inert in aqueous electrochemistry, they exert a
profound influence on the chemical and electronic structures
of the EDL during electrochemical reactions through various
mediating factors. These factors include interfacial water, inter-
actions with reactants, intermediates and products, all of which
synergistically enhance the electrocatalytic performance.” In
this section, the role of alkali cations in modulating the inter-
facial water’s structure to improve the electrocatalytic perfor-
mance is systematically investigated, with particular emphasis
on the underlying reaction mechanisms.

To regulate the size of the cations. Typically, the size of a
cation is inversely proportional to its charge density, and the
size significantly influences the solvation shell which affects
the rate of electrocatalytic reactions. Cations with lower charge
densities tend to disrupt the solvation shell more readily at the
interface, leading to an increased static dielectric constant to
enhance the recombination energy and entropy of H,O. For
example, Huang et al. found that larger cations (e.g., Cs') are
partially desorbed from the negatively charged Pt surface,
whereas smaller cations (e.g., Li*) retain their solvation shells,
resulting in slower HER kinetics (Fig. 10a).*® Similarly, Rao
et al. found that RuO,(110) exhibits cation-dependent OER
activity with the performance following the trend: K' >
Na* > Li"."** Further evidence suggests that larger cations facilitate
superior OER performance due to weaker interactions with
solvent-shell molecules, thereby reducing interactions between
surface OH™ and hydrogen bonds. Based on such findings, Du
and colleagues utilized a Li* solvent shell to provide an optimal
environment for a non-reducing reactor."> They found that the
energy barrier for the NNH* intermediate formation at —0.3 V
(vs. RHE) and a pH of 6.8 is only 0.50 eV, significantly lower
than the 0.81 eV observed at the pristine Fe-water interface
(Fig. 10b). The ammonia synthesis over the Li'-Fe-water

954 | EES Catal., 2025, 3, 943-971

catalyst exhibits a remarkable FE of 29.43%, outperforming
Na' (25.2%) and K" (11.65%) catalysts (Fig. 10c).

Besides, researchers have verified that the interaction
between the interfacial water and the size of alkaline cations
can partly determine the electrocatalytic performance."*® Lar-
ger cations disrupt the rigidity of the interfacial water’s net-
works, thereby enhancing the reaction kinetics. For instance,
Fisher et al. demonstrated that larger cations such as Cs*, K"
and Na" are more effective than Li" to break the rigidity of the
water networks in alkali metal hydroxide electrolytes. Larger
cations lead to the improved accessibility of active sites and
enhanced OER performance with a size-dependent trend: Cs*
(72 mV dec™) < K" (78 mV dec™ ') < Na* (79 mV dec™') < Li*
(96 mv dec™ ") (Fig. 10d)."* A follow-up study found that the size
of the cation is the key factor.”* It was revealed that Li* could
alter the interfacial water structure more easily than larger
cations such as Na*, K", and Cs", but fail to lead to the next
step of hydrogenation (Fig. 10e). The rigid hydration shell of Li"
impedes the transfer approach of hydrogen atoms from water to
the oxygen in adsorbed CO,, thereby hindering further hydro-
genation. In contrast, larger cations facilitate more flexible water
networks, increasing the probability of hydrogen atom transfer
to CO, and thus enhancing CO,RR performance (Fig. 10f). This
was confirmed by the experimental results of Waegele et al. The
intermolecular interactions between *CO and interfacial water
are disrupted by the action of two larger cations, promoting the
hydrogenation of surface-adsorbed carbon monoxide to C,H,.">”

Moreover, larger alkali metal cations also enhance the
electrocatalytic activity by buffering the interfacial pH."*® For
instance, water molecules in the hydration shells of larger
cations can hydrolyze at the electrode surface, acting as buffers
to maintain a lower interfacial pH and higher local CO,
concentration.”® The O-H bonds within the hydration shells
of larger cations (e.g., Cs') are inclined to interact with the
negatively charged electrode surface electrostatically, leading to
greater polarization relative to smaller cations and conse-
quently higher CO,RR activity.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Schematic illustration of the interactions among interfacial water molecules, cations, and the interface.>® Copyright 2021, American Chemical
Society. (b) Ergee against the CV of the *NNH species formation during c-AIMD simulation with and without Li*. (c) FE of NH3 for the Fe NP electrocatalyst
in 1 mM Li;SO4, NaySO4, and K,SO4, respectively.®>® Copyright 2024, American Chemical Society. (d) OER polarization curves of the Ni/Fe—[TA]-catalysts
recorded in O,-saturated 0.1 M LiOH, 0.1 M NaOH, 0.1 M KOH and 0.1 M CsOH electrolytes.*>> Copyright 2022, Wiley-VCH. (e) The dependence of band
intensity of adsorbed CO, (~1466 cm™) on cation concentration in 0.05 M H,SO, with Li»SO4, Na>SO4, K25O4 and Cs,SO4. (f) Schematic presentation of
the water network around Li* and Na* and its interactions with adsorbed CO,.2* Copyright 2024, Nature Publishing Group.

To adjust the concentration and valence of cations. Another
strategy is to increase the concentration and valence of cations,
which can significantly influence the structure of interfacial water
molecules and the performance of electrocatalytic reactions.*' In
the electrocatalytic process, it was found that the applied over-
potential tends to alter the local concentration of cations at the
electrode surface. For instance, the HER activity follows the order
K" > Na" > Li" at low overpotentials in alkaline media containing
K', Na" and Li*."®® However, by applying a high potential, the
interfacial water structure is drastically altered so that the HER
activity in the Li'-containing electrolyte is much higher than that
in the K'-containing electrolyte (Fig. 11a). Moreover, Hansen et al.
explored the effect of localized cation concentration on the CO,RR
with an Au-water interface model.**® The CO,RR kinetics exhibits
the trend: 2K" > 1K" > 2Li" > 1Li" > 0AM". Increasing the local
cation concentration not only affects the interfacial water’s struc-
ture and facilitates the activation of CO, through short-range
interactions between cations and intermediates, while inhibiting
the accompanying Volmer reaction in the HER process. This
strategy improves the activity and selectivity of the CO,RR at the
Au-water interface.

Further study found that higher valence ions exhibit stron-
ger affinity at the interface, which can influence the behavior of
the reacting intermediates.'®® For example, it is possible to
optimize the orientation of the interfacial water by adjusting
the valence number of the cation to form a downward double
“H-down”.'®> The water dissociation energies for Li*, Na*, K,

© 2025 The Author(s). Published by the Royal Society of Chemistry

Ca®>" and Sr** systems are 0.30, 0.16, —0.34, —0.29 and
—0.38 eV, indicating that higher valence cations significantly
affect the interfacial adsorption properties of water molecules.
Impressively, the peak frequency of interfacial water increases
in the order: Li* < Na" < K" < Ca*" < Sr**, suggesting that
cation valence also significantly influences the configuration
and hydrogen bonding connectivity of interfacial water mole-
cules. Hence, different types of high valence cations can be
customized for different reactions. For example, strongly acidic
high-valent cations (e.g., Nd**) have superior hydrolysis kinetics
compared to low-valent cations, while possessing good CO,
adsorption capacity as well. Thus, a better ability to reduce CO,
to formic acid is manifested (Fig. 11b)."®® Furthermore, the
orientation of interfacial water molecules and their alignment
with the interfacial electric field can be reduced to accelerate
the Volmer step of the alkaline HER by introducing high-valent
and strongly hydrated cations (e.g., Ba®>") (Fig. 11c)."*®

To customize the hydrogen bonding network. Cations tend to
interact with interfacial water through a variety of mechanisms,
thereby affecting the structure and connectivity of the hydrogen
bonding network, which in turn has a significant impact on the
activity and selectivity of electrocatalytic reactions."®* The reac-
tion kinetics and efficiency at the electrode-surface interface
are highly correlated with the network structure formed by the
ion-water molecules at the interface. For example, Li* tends to
promote the ordering of the hydrogen bonding network of

EES Catal., 2025, 3,943-971 | 955
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Fig. 11 (a) Hydrogen evolution on stationary electrode platinum in 0.1 M MOH.**° Copyright 2024, American Chemical Society. (b) CO, reduction
activity as a potential descriptor with ionic radius and cation acidity.1®®> Copyright 2022, American Chemical Society. (c) Absolute net orientation of water
along the surface normal*®® Copyright 2024, American Chemical Society. (d) The reorganization energy of the HER on Au RDE as a function of the
relative fraction of isolated water.r*” Copyright 2024, Nature Publishing Groups. () The average number of water molecules within the solvation shell of
cations and the average number of water molecules interacting with interfacial water molecules via H-bonds in the H-bond gap zone of Na*, Ca? and
Mg?* systems at different .25 Copyright 2024, Royal Society of Chemistry. (f) Plot of FEs of various products and total current density vs. OmimBr
concentration in 0.1 M KBr—OmimBr and 0.1 M CsBr—OmimBr at —1.2 V vs. RHE.*®®> Copyright 2024, Wiley-VCH.

water molecules, while Cs' causes the hydrogen bonding network
of water molecules to deform significantly, with Li* solutions
exhibiting higher reaction efficiencies than Cs" solutions
(Fig. 11d)."”*” A recent report confirms that the interaction between
the hydration of cations and the interfacial water structure is able
to modulate the number of water molecules in the hydrogen
bonding gap region and the connectivity of the hydrogen bonding
network in EDL. AIMD demonstrates that the cations at the
Pt(111)/water interface could modulate the structure and connec-
tion of the hydrogen bonding network in the EDL. When the
surface charge density becomes more negative, the connectivity of
the hydrogen bonding network in the EDL of the Na* and Ca®"
systems decreases significantly. In contrast, the connectivity of the
hydrogen bonding network in the EDL of the Mg>" system
increases slightly (Fig. 11e)."®* Further investigations have shown
that cation hydration has an important influence on certain
reaction pathway choices. The presence of the solvation structure
of the different alkali-metal cation can affect the stability of
different pathway intermediates.” Typically, Han et al. converted
the product of the CO,RR from CO (FEco = 97.3%) to formate
(FEpormate = 93.5%) (Fig. 11f)."® In addition, cations can also
optimize the hydrogen bonding network by forming stable coor-
dination structures with the reaction intermediates.”

956 | EES Catal.,, 2025, 3, 943-971

5.1.2. Special solvent regulation. Special solvents, due to
their unique physicochemical properties, are able to regulate
the properties of interfacial water and thus optimize the
electrocatalytic performance precisely.'®® Studies on the mod-
ulation of interfacial water by special solvents provide new
ideas on the electrocatalysis, especially in the design of efficient
electrocatalysts and the optimization of electrocatalytic pro-
cesses. For reactions such as water splitting and electrooxida-
tion, the selection of appropriate solvents not only enhance the
reaction efficiency, but also improve the stability of
catalysts.'®”'% In the future, a deeper understanding of solvent
effects and interfacial water will provide new ideas for the
improvement of electrocatalytic performance and promote the
development of clean energy technologies.

To alter the interface microenvironment. Organic solvents can
alter the microenvironment at the reaction interface, which in
turn affects reactant adsorption and reaction pathways in the
electrochemical processes. Grimaud et al. utilized a mixture of
acetonitrile (ACN) and water as an electrolyte to modulate the
hydrophilicity of the electrode/electrolyte interface by varying
the supporting salt cations (e.g., TBA" and Li")."*° It was
revealed that Li" causes more water to be retained on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrode surface, which is more favorable to the formation of
the Au oxide layer and thus inhibits the dissolution of Au
(Fig. 12a and b). The TBA" makes the interface more hydrophobic
and promotes the reaction between cyclooctene and metallic gold
to form more epoxidation products. As a solvent, ACN reduces the
overall polarity of the system, while CTAB repels water molecules
through the hydrophobic portion of its long chain, forming a
hydrophobic interface, which is essential for improving the
selectivity of the target reaction (Fig. 12c). As another representa-
tive example, it was found that 15 mol% DMF as an electrolyte
additive can increase the FE of electrochemical CO,RR on poly-
crystalline gold electrodes from 67% to 94% (Fig. 12d)."*° Both the
repulsion of interfacial water by the localized hydrophobic
environment and the DMF-induced changes in the interfacial
water structure contribute to the inhibition of the HER and
increase the FE of CO during the CO,RR.

Solvent additives can also tune the orientation kinetics of
the weakly adsorbed water layer. Sun et al found that the
introduction of N-methylimidazole can facilitate the diffusion
of hydroxides across the interface by bringing the second layer
of water closer to the platinum surface, thereby promoting the
hydrogen evolution and oxidation reaction (HER/HOR)
(Fig. 12e)."”° Another example is that the specificized adsorbed
organic additives (i.e., theophylline derivatives) favorably pro-
mote the dynamic tuning of interfacial water, which disrupts
the hydrogen bonding network in the bilayer sufficiently. Thus,

© 2025 The Author(s). Published by the Royal Society of Chemistry

the endowed HOR/HER activity in polycrystalline Pt bases is
increased by threefold (Fig. 12f)."”" As electrolytes or solvents,
the effect of ionic liquids on the interfacial water behavior has
been widely studied in the field of electrocatalysis."”>"”* For
instance, the hydrophobic bis-perfluoroalkyl sulfonimides opti-
mizes the interaction between the catalyst surface and inter-
facial water and reduces the concentration of water at the
metal/electrolyte interface, which in turn reduces the solvation
of the adsorbed species and prevents the formation of an
ordered hydrogen bonding network. Namely, the barrier to
the final step of the ORR mechanism is lowered by reducing
the solubility of the active OH,q and weakening its interaction
with the catalyst surface (Fig. 12g)."”* With a deeper under-
standing of the ionic liquid regulatory mechanism, its applica-
tion in electrocatalysis could be more promising.

To modulate the proton-coupled electron transfer process. The
connection of interfacial water to the proton-coupled electron
transfer (PCET) process plays a crucial role in electrocatalytic
reactions.*® Organic solvents will modulate the interfacial water
to alter electrocatalytic reaction paths, rates, and selectivity
through hydrogen bonding network, solvation effects, etc. For
instance, Zhang et al. proposed a molecular engineering strat-
egy to modulate the water activation with high Guttmann donor
numbers as solvated shell modulators."®” In a model electrolyte
with 5 M DMSO as an additive, the selectivity of CO for Ag foil is

EES Catal., 2025, 3,943-971 | 957
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increased up to 99.2%, with FEco higher than 90.0% in the
range of —0.75 to —1.15 V (V vs. RHE) (Fig. 13a and b).
Impressively, the organic molecules occupy the first solvation
layer of K" and accumulate in the electric double layer, reducing
the H,O density and the relative content of proton donors at the
interface and inhibiting the HER. Adsorbed H,O0 is stabilized by
the second sphere effect, and the weakening of the O-H bond
promotes its dissociation, accelerating the subsequent kinetics
of the protonation of *CO, and lowering the energy barrier
(Fig. 13c). Similarly, Shao et al. varied the localized proton
activity by a series of protonated ionic liquids in the interfacial
layer of Pt and Au, where the intrinsic ORR activity forms a
volcano-shaped correlation with the pK, of the ionic liquids.*®
Enhanced ORR activity is attributed to the enhanced hydrogen
bonds between the ORR product and ionic liquids with similar
pK., (Fig. 13d).

The modulation of the PCET process will also directly
convert the electrocatalytic pathway. Some researches reveal
that surfactants modulate the interfacial water structure to

958 | EES Catal, 2025, 3, 943-971

influence the PCET process and thus change the reaction path.
When hydrophobic quaternary ammonium cationic surfactants
are introduced into the electrolyte, a stable hydrophobic inter-
face is formed, which effectively disrupts the interfacial hydro-
gen bonding network and hinders the proton transfer. Hence,
the limited proton supply at the reaction interface drives the
ORR to follow the two-electron pathway with fewer protons
involved (Fig. 13e).'®® Noteworthy, the insufficient supply of
protons leads to the accumulation of OH ™, which causes a local
pH elevation and greatly improves the selectivity of the two-
electron ORR to generate H,O, (Fig. 13f and g). One more
example, a study systematically investigated the effects of
different non-aqueous solvents interacting with water mole-
cules on the hydrogen bonding network strength and kinetics
of water.””® It turns out that the electron-donating capacity
(donor number) of solvents can well describe the hydrogen
bonding network strength of water, and is linearly correlated
with the HER activity (Fig. 13h). Utilizing the solvent to mod-
ulate the hydrogen bonding network of water molecules, CO,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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can be reduced to CO with high selectivity, and the side
reaction of the HER is almost completely suppressed. In acidic
medium, high donor number solvents (e.g., DMSO) inhibit the
proton reduction and obtain nearly 100% CO, reduction selec-
tivity without carbonate loss for a long time (Fig. 13i).

5.1.3. pH regulation. Changes in pH can affect the arrange-
ment of water molecules at the interface and the hydrogen
bonding network significantly. To some degree, the pH effect
determines the difference in the kinetics of the HER under
acidic and alkaline conditions. Subbaraman et al. attributes the
slower reaction rate in alkaline media to the more challenging
Volmer step (H,O + e — *H + OH ) compared to the acidic
environment (H;0" +e~ — *H + H,0)."”® Subsequently, Kopper
et al. introduces the theory of the potential of zero free charge
(pzfc) to explain the differences in HER dynamics between
acidic and alkaline media. They argue that in acidic media,
where the pzfc is closer to the HER region, the recombination
energy of interfacial water associated with proton transport
through the bilayer is smaller, thereby facilitating HER
dynamics.>® However, the pzfc theory fails to fully explain the
HER kinetics at high pH, and their recent study attributes the
increase in HER activity at higher pH to an increase in the local
cation concentration, which stabilizes the transition state of the
rate-determining Volmer step through good interactions with
dissociated water molecules."””” In contrast, Jung et al. attri-
butes the higher activity in high-pH electrolytes to the localized
generation of H;0" intermediates, which can create a unique
acid-like local reaction environment on the catalyst surface to
lower the energy barrier for the overall reaction.'”®

In addition to the HER, the pH effect profoundly affects the
nature of interfacial water in other electrocatalytic reactions.
For example, the strong electric field polarizes interfacial water
molecules around metal centers into an “O-down” conformation,
disrupting hydrogen bonds between oxygenated intermediates
and interfacial water. This result hinders the proton transfer
and slows the reaction kinetics, confirming that the pH depen-
dence of ORR activity on FeCo-Ng-C catalysts is driven by the
differences in PCET reaction kinetics induced by interfacial water
orientation and hydrogen bonds."”® Similarly, the attenuation of
Bi-based catalyst performance in acidic CO,RR is attributed to a
shift in local pH from neutral to acidic as well. Such pH changes
result from the decreased K-H,O due to competitive adsorption
between K* and protons.'®°

5.2. Electrocatalyst aspect

Although electrocatalyst design has long represented a separate
segment in electrocatalysis, recent studies have found that
the surface state of the electrocatalyst or electrode has an
important influence on the structure and properties of inter-
facial water.®>®” For example, adjusting the electrocatalyst’s
oxyphilicity, hydrophilicity, or local electric field can profoundly
affect the local density of water molecules, interfacial hydrogen
bonding arrangements and water molecular dynamics, which in
turn affects the activity and selectivity.'®* ™% In this section, the
modulation of interfacial water from both the points of surface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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modification and interfacial construction of electrocatalysts is
summarized and the intrinsic mechanisms are analyzed.

5.2.1. Surface modifiers. The role of electrocatalyst surface
modifiers in electrocatalytic reactions is multifaceted, espe-
cially in regulating the behavior of water at the electrocatalysis
interface. Surface modification of electrocatalysts can affect the
adsorption and dissociation of water molecules on the surface
of electrocatalysts, as well as the interaction with reactants and
products through changing the chemical environment and
optimizing reaction pathways."®*'®” In the following section,
we categorize surfactants and organic additives, detailing the
mechanisms behind the tuning of interfacial water behavior to
enhance the electrocatalytic performance.

Surfactants. Surfactants tend to modulate the interfacial
water’s environment in the vicinity of the electrocatalyst to achieve
enhanced electrocatalytic performance. Typically, quaternary
ammonium cationic surfactants such as cetyltrimethylammonium
bromide (CTAB), have been widely applied to fine-tune the selec-
tivity of the CO,RR and organic-electrolytic synthesis via water
management.'*>'%® For instance, Li et al. combined quaternary
ammonium cationic surfactants as electrolyte additives and found
that the surfactants act as modifiers of interfacial water to improve
the environment by repelling isolated water and inhibiting the
orientation of water to ordered structures. This strategy promotes
CO, enrichment at the charged interfaces to increase the selectivity
of CO, electroreduction to CO.”” Similarly, Sun et al. successfully
prepared an artificial electrode/electrolyte interface by coating the
electrode surface with a RAN" surfactant (Fig. 14a)."®” This artificial
electrode/electrolyte interface has high CO, permeability, which
facilitates CO, transport and hydrogenation (Fig. 14b). Due to
unique interactions between anions and water molecules, Li et al.
explored the reaction mechanism of the CO,RR by adding anionic
surfactants to various electrolytes, including sodium dodecyl sul-
fate (SDS)."® This result shows that anionic surfactants fail to
adsorb on the electrode surface but affect the aqueous environ-
ment near the electrode surface (Fig. 14c). The increase of CO
selectivity is attributed to the enhancement of the hydrogen
bonding network, which can reduce the dissociative activity of
the water and thus facilitate the proton coupling pathway of the
CO,RR (Fig. 14d).

Surfactants can modulate the enrichment of interfacial water
on the surface of the catalyst."*>'*" Li and colleagues reported that
the modulation of interfacial hydrophobicity using a quaternary
ammonium cationic surfactant inhibits the HER and promotes
alkynyl alcohol hemihydrogenation.® As another representative
example, by incorporating a small amount of counter-charged
anionic polymers (e.g., PFSA) into the cationic covalent organic
skeleton (cCOF) on the electrocatalyst surface, the hidden positive
charge inside the cCOF can be effectively released to prevent the
outward migration of OH and inward migration of cations
generated in situ on the electrocatalyst surface.'® In situ character-
ization and theoretical calculations demonstrate that the cCOF/
PFSA electrocatalyst forms a hydrophobic and strongly alkaline
microenvironment, which enables the adsorption strength and
conformation of the *CO intermediate to be optimized.
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Fig. 14 (a) Schematic of a Cu NW array and Cu NW array after surfactant modification. (b) Faradaic efficiencies at various potentials of the Cu NW

electrodes with and without CTAC.*®” Copyright 2020, Wiley-VCH. (c) CO faradaic efficiency of different electrolyte systems. (d) Schematic diagram of the

catalytic pathway after the introduction of anionic surfactants.*®® Copyright
PFSA; catalyst during the CO,RR. (f) C;H,4 FEs of various catalysts at different

2024, American Chemical Society. (e) FEs of various products on the cCOF/
current densities. *®® Copyright 2024, American Chemical Society. (g) Product

distributions on T-Cu and current densities of C,* products on Cu, T-Cu, and S—Cu from —0.49 to —1.02 V, energy efficiency of C;H4 and C,* products for
those catalysts and product distributions on T-Cu and current densities of C,* products on Cu, T-Cu and S—Cu from —1.5 to —4 A cm 2% Copyright
2023, Wiley-VCH. (h) Full-cell-voltage performance in a slim flow cell from 25 mA cm™2 to 125 mA cm~21%® Copyright 2023, Nature Publishing Groups.

Impressively, the cCOF/PFSA achieves a 70.5% faradaic efficiency
of C,H,, with a fractional current density in excess of 470 mA cm ™2
(Fig. 14e and f).

Organic additives. The utilization of organic additives to
modify the electrocatalyst surface to enhance the electrocataly-
tic performance has been widely reported. Zheng et al. reported
the fine-tuning of interfacial water by surface assembly of
toluene on Cu nanosheets, resulting in an enhanced perfor-
mance of faradaic efficiency of 78% for C,', a partial current
density of 1.81 A cm™? and an energy efficiency of 42%
compared to bare Cu and long-chain alkyl-modified Cu with
predominantly CO products (Fig. 14g)."*> The surface toluene
functionalization of electrocatalysts delays the transfer of water
to the electrocatalyst surface, which allow both a high CO, ratio
and a suitable hydrogen content to facilitate the conversion of
CO, to C,". Besides, Sargent et al. adopted immobilized cationic
group modification to improve the C," selectivity and stability
of electrocatalysts in the strongly acidic environments."®* The
electrolyte alkali metal cations are replaced by integrating a

960 | EES Catal, 2025, 3, 943-971

thin layer of ionic cross-linked polymer with immobilized
cationic functional groups on the Cu surface. The water man-
agement properties of this layer of polymer minimizes proton
migration and allows operation at a moderate voltage of 3.3 V
and a weakly basic local pH with a C," faradaic efficiency of
80 + 3% (Fig. 14h).

Ionic liquids are ideal for modulating interfacial water
properties due to their adjustable polarity, high ionic conduc-
tivity and wide electrochemical window."*'*> Snyder et al.
demonstrated that the ionic liquid films reduce the water
content at the interface and hinder the formation of hydrogen
bonding networks. The diminished solvation of the active OH,q
species attenuates its interaction with the electrocatalyst sur-
face, thereby lowering the energetic barrier for the final step in
the ORR.'”” Recently, an investigation revealed that the ionic
liquid modification can inhibit the formation of inactive car-
boxylate species by improving the hydrogen bonding network
of interfacial water, leading to efficient CO,RR performance."®®
It was found that water concentrations up to 0.5 M can trigger
no significant faradaic reaction when CO, is trapped between

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the [EMIM]" ring and the electrode surface. Such findings
refute the idea that the interfacial water serves as a source of
free protons, and that the interfacial water merely acts as a
hydrogen bonding donor. Furthermore, alcohols of different
acidity levels can modulate the hydrogen bonding network in
the interfacial microenvironment, thereby reducing the energy
required for the CO,RR.

5.2.2. Interfacial construction. The field of interfacial water
in electrocatalysis provides insight into the design of electro-
catalysts. Through effective interfacial construction strategies,
properties such as interfacial water arrangement, hydrogen
bonding network, and structural dynamics can be optimized to
promote efficient and stable electrocatalytic systems. Therefore,
interfacial design is of great importance in the modulation of
interfacial water and may be a key direction in electrocatalyst
development in the future. In this section, we summarize three
strategies for modulating interfacial water by interfacial con-
struction at the electrocatalyst level, including construction of
built-in interfacial electric fields, optimization of interfacial
hydrogen bonds, and regulation of the active sites (Fig. 15).

To construct built-in interfacial electric fields. Electrocatalysis
inherently involves the driving of reactions under the influence of
an external electric field. However, the built-in electric field,
generated by the electrocatalyst’s electronic structure, interfacial
effects, or material defects, operates independently of any external
electric field. A built-in electric field can optimize the adsorption
behavior of water molecules and modulates the dynamics of
interfacial water during the electrocatalysis, ultimately enhancing
the electrocatalytic performance. In heterogeneous catalysts, inter-
facial effects between different components often give rise to
strong built-in electric fields. For instance, Mu et al. developed
Ni(OH),/Cu(OH), heterojunctions on copper foam using a wet-
chemical method (Fig. 16a and b)."®* The built-in electric field
between Ni(OH), and Cu(OH), directs electron flow from Cu(OH),
to Ni(OH),, inducing an inhomogeneous distribution of valence
charge at the Ni interface. The directed electron flow disrupts the
arrangement of interfacial water, which can weaken hydrogen
bonding connectivity and enhance mass transfer at the interface
of the heterostructure (Fig. 16¢). Following a similar strategy,
Zhang and colleagues designed a nanostructure encapsulating
Ni;N nanoparticles (Ni;N@W;N,) in an ultrathin W;N, shell (1-
5 nm thick) (Fig. 16d)."°® The electric field at the nitride interface
facilitates the electron transfer from WsN, to NizN, optimizing the
electronic structure of the W;N, shell. The localized electric field
near the interface induces strong valence changes in W atoms,
lowering the energy barrier of water dissociation from 1.40 eV to
0.26 eV (Fig. 16e). Besides, Luo et al. designed Ru/Nb,Os hetero-
junction electrocatalysts under the guidance of AIMD
calculations.”® Impressively, the Nb,O; allows the transport of
H,O/OH* by disrupting the hydrogen bonding network in the
interfacial region, which increases the content of free water near
Ru and accordingly enhances the HER activity under neutral
conditions (Fig. 16f). Among various electrocatalysts, Ce-based
electrocatalysts have attracted much attention due to their
remarkable electron transfer properties and strong valence-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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changing abilities. For example, porous Ni(OH),-CeO, hetero-
structures containing an optimal Ce ratio, exhibit excellent HER
performance in alkaline seawater, requiring only 148 mV over-
potential at 100 mA cm~> (Fig. 16g)."®” Analogously, the NiSe,~
Ce,(CO3),0 heterostructure optimizes the coordination environ-
ment, facilitates the dynamic reconfiguration of catalytical active
sites, and reduces the water dissociation energy, which signifi-
cantly enhance the electrocatalytic activity."®

In addition to heterogeneous structures, several studies have
also reported other methods for inducing interfacial electric
fields. Liu et al. proposed the design of Ir/Ru double-coupled
single-atom sites to generate asymmetrical localized electric
fields, which modulates the H,O adsorption configuration and
orientation, yielding an electric field strength of 4.00 x 10" N/
C."° The IrRu DSACs facilitate an asymmetric “H-down”
adsorbed H,O configuration, increasing the H-O-H bond angle
and promoting interfacial water dissociation (Fig. 16h). This
strategy realizes an overpotential of only 10 mV at a current
density of 10 mA cm™> (Fig. 16i). Furthermore, Han et al.
introduced an “in situ disruption and neighbor compensation”
strategy to optimize the hydrogen bonding network of inter-
facial water. Theoretical simulations affirm that the local
concentration of hydrated K' at the electrocatalyst surface
optimizes the water dynamics and intermediate adsorption
(Fig. 16j).>°° Besides, a recent strategy proposed by Chen et al.
adopted the topological morphology manipulation to enhance
the activity of electrocatalysts.”** By anchoring FeO, clusters on
Cog.75Feq,sP phosphide nanorods, surface electric field
enhancement and topology-induced interfacial electric fields
were utilized to optimize the reactant adsorption. These
enhancements promote the adsorption of polar H,O/OH™ and
facilitate the desorption of H,/O,, thereby improving the elec-
trocatalytic performance.

To optimize interfacial hydrogen bonds. Interfacial hydrogen
bonds play a crucial role in determining the adsorption beha-
vior of water molecules on the electrocatalyst surface, which
can affect their configuration and binding strength to enhance
the proton transport and electrocatalytic activity. For example,
Ren et al. modulated the interfacial water networks with M-O
atom pairs, and the electron-rich environment of the O atoms
shifts the water molecule configuration from “O-down” to

EES Catal., 2025, 3, 943-971 | 961
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(a) Schematic representation of the synthesis of the Ni(OH),/Cu(OH), heterostructure. (b) SEM images of the Cu foam, Cu(OH), and the Ni(OH),/

Cu(OH), heterostructure. (c) Polarization curves of Ni(OH),/Cu(OH),, Ni(OH), and Cu(OH); in 1 M KOH with and without 50 mM HMF .18 Copyright 2024,
Royal Society of Chemistry. (d) TEM images of NisN@WsN,. (e) H,O dissociation energies on WsN, NizN, and NisN@WsN4.1°® Copyright 2024, Wiley-
VCH. (f) LSV curves of CC, Nb,Os, Ru, Ru/Nb,Os, and 20% Pt/C tested in 1.0 M PBS.*® Copyright 2024, Royal Society of Chemistry. (g) LSV polarization
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on different sites without K* and with K*.2°© Copyright 2024, Nature Publishing Group.

“H-down”.*” The interfacial water networks become more dis-
ordered, thereby enhancing the flexibility of the water layer and
improving proton transport. The optimized Rh, O-MoSe, shows
excellent HER performance in both acidic and alkaline electro-
lytes (Fig. 17a and b). Hydrogen shuttling and exchange within
the network were also found to be critical to optimizing the
performance.*®> Analogously, Zhai et al. covered the surface of
Mn-doped Co;0, with a nitrogen-doped carbon layer, in which
CN units act as hydrophilic centers to modulate the hydrogen
bonding network and activate water molecules for the OER.>*?
Remarkably, Mn-doped Co;0,@CN achieves an overpotential
of 395 mV at 10 mA cm ™. Furthermore, adjusting the binding
energy of hydroxyl intermediates could regulate the interfacial
water’s configuration.>** The introduction of the oxyphilic Cr
and W can modulate the orbital occupancy of Ru and promote
the adsorption of hydroxyls, leading to the great HOR perfor-
mance in alkaline media (Fig. 17¢c). Recently, a pioneering study
achieved delamination by replacing WO,>~ with OH™ and H,O
through the introduction of high oxidation state sacrificial
elements and cation exchange strategies (Fig. 17d).>°® The
formed CWO-del-48 stabilizes water and hydroxyl species by
affecting the hydrogen bonding network of water molecules,
thereby reducing the solubility of Co ions in acids and improv-
ing stability (Fig. 17e).

962 | EES Catal., 2025, 3, 943-971

To regulate the active sites for interfacial water. By regulating
the distribution of active sites, it is possible to optimize the
reaction path and electrocatalytic activity. For example, atomic-
level doping can effectively modulate the electronic structure of
electrocatalysts and adjust the adsorption strength of water
molecules. Typically, Li et al. prepared a series of Cu-doped
SnO, electrocatalysts with a simple co-precipitation method, in
which Cu doping reduces the oxidation state of Sn and induces a
distorted structure with stabilized Sn—O species as compared to
crystalline SnO, (Fig. 18a).>%° This strategy can weaken the water
adsorption on the Sn sites and enhance the dissociation of
interfacial water, which effectively suppresses the competing
HER and facilitates the hydrogenation of *CO, to *OCHO
(Fig. 18b). Notably, the FE of formate over the optimized Cu-
doped SnO, electrocatalysts reaches an outstanding level
(~91%) (Fig. 18c). Likewise, Liu et al. constructed phosphorus-
doped In,O; nanosheets (Fig. 18d), which exhibit good CO,RR
performance with a faradaic efficiency of 92.1% for formate and
a partial current density of 200 mA em™> (Fig. 18e).””” The
(P-0)°" species on the surface of the OD-PIn is able to promote
the adsorption of water and dissociation to release H'. Mean-
while, changes in the electronic structure of the In active center
enhances the adsorption of carbon dioxide, and these two
factors simultaneously promote the formation of formate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 18f and g). Qiao et al. found that Cu modification in Cu/
Mo,C can not only regulate the d-band center of Mo,C and
attenuate the strong adsorption of H* at Mo sites, but also has
the functions of activating water molecules and optimizing the
interfacial water structure.>® Encouragingly, Cu/Mo,C achieves
an excellent HER performance, realizing an overpotential of only

24 mV at a current density of 10 mA cm 2. By introducing
surface defects, the increased active sites not only affect the
electronic structure of electrocatalysts, but also modulate the
behavior of interfacial water molecules, which in turn affects the
electrocatalytic performance.>*® For instance, Liu et al. prepared
CeO,@CoSe, nanoneedles on carbon cloth by a hydrothermal
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method.?* Further analysis reveals that CeO, contains abundant
O vacancies, which can facilitate OH™ adsorption and promote
the reconfiguration of CoSe, to CoOOH at lower potentials
(Fig. 18h and i). Remarkably, CeO,@Co0Se,/CC exhibits good
OER activity with an OER overpotential of 245 mV at 10 mA cm >
due to CeO,-promoted H,O dissociation and H* adsorption on
CoSe,.

Other strategies. In addition to the above three modulation
strategies, local strain engineering is another additional avenue
for facilitating the behavioral transition of interfacial water.
Lattice strain induces changes in atomic spacing, which affects
the overlapping distribution of electronic energy bands.>'**'*
In particular, the d-band centers of transition metal compounds
are affected by strain, leading to modulated electrochemical
behavior.*'* The thermodynamic energy of adsorption of polya-
tomic molecules (e.g., H,O, CO,, N,, NH3, etc.) can be tuned on
strain solid surfaces.”'® For example, Fan et al. demonstrated
that biaxial strain could effectively induce the transformation of
K'-H,O0 into tetrahedral coordinated water.®® Biaxial strain can
effectively stabilize the OH* on the MoSe, surface and change
the water adsorption conformation from “O-down” on Mo to O™
level on OH* through stronger hydrogen bonds, thus promoting
the intrinsic HER activity. Furthermore, Li et al.’s work demon-
strated the modulation of interfacial water, intermediates and
electrocatalytic activity by tuning valence states. During the HER
process, high valence Ru (n') surfaces have more moderate
adsorption energies for interfacial water, H* and HO*,
which can promote the performance of the basic HER.' It is
also recognized that the binding of components with high
oxygenophilicity (e.g., hydroxides, oxides and Ru) can facilitate
the dissociation of interfacial water and/or adsorption of hydro-
xyls, thus enhancing the HER/HOR Kkinetics in alkaline
environments.'’®?!*?1% A recent study showed that the OH
groups on the surface of Ni(OH), act as mediators, which can
attract water molecules to form “metal-OH-H,O” structures.
This dynamic interaction leads to the formation of free O-H
bonds in interfacial water, making them more likely to partici-
pate in the HER process.** These unique perspectives on inter-
facial water modulation will play a very important role in
optimizing further electrocatalytic performance.

6. Conclusion and perspectives

The past decade has witnessed remarkable and continuous
advancement in elucidating the behavior and properties of
interfacial water in electrocatalysis, fueling growing enthu-
siasm and establishing this area as a vibrant and rapidly
evolving field of research. In this review, a systematic summary
of the research progress of interfacial water in electrocatalysis is
presented to illustrate the key role of interfacial water in
electrocatalytic performance including its unique properties
and dynamic behaviors. Simultaneously, advanced character-
ization techniques and computational methods, such as in situ
XAS, SERS, SEIRAS and AIMD, are presented, highlighting
the significant contributions to the study of interfacial water.
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More importantly, several effective strategies at the electrolyte
and electrocatalyst levels to boost the electrocatalytic perfor-
mance by interfacial water regulation are highlighted. We hope
that this timely and comprehensive overview of interfacial
water in electrocatalysis will stimulate further research interest
in this area.

While significant advancements have been made in inter-
facial water-regulated electrocatalysis, several critical chal-
lenges remain. In our opinion, future investigations could
prioritize the following key directions, as illustrated in Fig. 19.

6.1. Developing more advanced techniques/methods for
probing interfacial water

A fundamental understanding of the structure and dynamics of
water is key to the study of interfacial water, which requires an
accurate analysis of the structure of interfacial water during
electrocatalysis, especially for structural differences under different
conditions. In situ characterization techniques are essential for
studying interfacial water behavior but face significant challenges
in capturing its dynamic nature and complex interactions during
electrocatalysis. However, current methods often lack the temporal
resolution to track rapid processes like water adsorption,
desorption, and reorganization, or the spatial resolution to map
nanoscale heterogeneity. Furthermore, interfacial water behavior
is influenced by multiple factors, including electric fields, tem-
perature, reactant concentration and surface properties, making it
difficult for single techniques to provide a complete picture.”'?
To overcome these challenges, future research should prioritize:
(i) developing ultrahigh spatiotemporal resolution techniques
(e.g, pump-probe ultrafast lasers and neutron scattering) to
capture rapid water dynamics; (ii) designing platforms with multi-
ple physical fields for realistic reaction simulations; (iii) establish-
ing multimodal systems combining complementary techniques
(e.g., XAS, SERS, SEIRAS and TEM) for comprehensive analysis of
interfacial water.

Theoretical simulations can compensate for the limitations
of experimental methods in the study of interfacial water by
providing more qualitative and quantitative insights into the
structure or properties of interfacial water. AIMD can combine
high computational accuracy of quantum chemistry with the
advantages of traditional molecular dynamics calculations on
time and space scales. Recently, it has attracted increasing
attention in exploring the microscopic behavior of complex real
systems and revealing their operation mechanisms.*'® Further-
more, as the volume of data generated by in situ characteriza-
tion techniques continues to grow, future research should
prioritize the development of efficient quantitative analysis
tools to extract valuable physicochemical insights from these
large datasets. For instance, machine learning and data mining
techniques can be employed to identify patterns in the data,
enabling the automated detection and prediction of water
molecule behavior and their interactions with catalysts.>"”
Additionally, developing integrated platforms capable of hand-
ling multidimensional data (e.g., current, potential, tempera-
ture and time) and providing intuitive analytical results will

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Perspectives of future research directions on interfacial water for electrocatalysis.

allow researchers to rapidly extract critical information from
complex datasets.

6.2. Establishing accurate structure-function-performance
relationships for regulating interfacial water

The universalization of the structure-function-performance
relationship between interfacial water and electrocatalysis can
guide the design of future efficient electrocatalytic systems.
Currently, some interfacial water’s properties can be regarded as
active descriptors for electrocatalytic performance in some
cases.”® For example, it has been shown that under alkaline
conditions, the activation energy for water dissociation increases
in the order of the interfacial water constructional categories:
dangling O-H water < dihedral coordinated water < tetrahedral
coordinated water. However, in some reactions involving multiple
electrons, like the CO,RR and NO; ™ RR, such accurate structure—
function-performance relationships are not well defined. For
example, it is not clear whether a locally ordered or disordered
hydrogen bonding environment favors the adaptation of stable
transition states and reaction intermediates when reactants are
adsorbed onto the electrocatalyst surface. Meanwhile, interfacial
water coordinated with these intermediates and interactions with
cations increase the difficulty in further understanding the
mechanism.”*

As electrocatalysis deepens into the realm of multi-electron
reactions as well as small molecule electrosynthesis, an under-
standing of “interfacial water effects” is critical. In order to
establish an accurate relationship, some methods are recom-
mended as follows: (i) quantitative analysis of interfacial
water’s functions. By quantifying the functions of interfacial
water (e.g., proton transfer, reactant adsorption and hydrogen
bonding network dynamics), a quantitative relationship

© 2025 The Author(s). Published by the Royal Society of Chemistry

between interfacial water behavior and electrocatalytic perfor-
mance can be established, thus providing a theoretical basis
for the design and optimization of electrocatalytic systems. For
example, the rate of proton transfer is quantified by monitoring
the pH change of interfacial water in real time through micro-
electrodes or pH sensors.”'® AIMD simulates the dynamic
behavior of interfacial water hydrogen bonding networks, and
calculates hydrogen bond lifetimes and recombination rates.*®
(ii) Interfacial water as a new descriptor. With the emerging
studies on interfacial water, a new perspective based on interfacial
water (besides electrocatalysts) could be provided to describe the
electrocatalysis. Correlating functional parameters of interfacial
water (e.g., proton transfer rate and reactant adsorption energy)
with electrocatalytic performance parameters (e.g., current density
and overpotential) allows for a more comprehensive analysis of
electrocatalytic performance. This accurate relationship can help
to fully understand the electrocatalytic reaction mechanism and
design of high-performance electrocatalytic systems. (iii) Rigorous
electrochemical testing and accurate performance evaluation are
also essential for interfacial water research. In addition to the
electrocatalyst, the evaluation of electrocatalytic performance is
strongly influenced by external experimental conditions and
measurement methods, making it necessary to develop rigorous
experimental designs and standardized evaluation protocols with
uniform criteria.

6.3. Expanding other application fields for investigating
interfacial water

Interfacial water regulation strategies, initially developed for
electrocatalysis, also show great potential for cross-disciplinary
application in photocatalysis and thermocatalysis, offering
opportunities for the catalytic system innovation,>®?'9-24
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In photocatalysis, interfacial water not only serves as a solvent
or reactant but also modulates charge carrier dynamics by
influencing electron-hole transport and reactant adsorption.
For instance, water’s polarity and solvation effects can alter
charge distribution and migration pathways, suggesting that
targeted interfacial water regulation could enhance photo-
catalytic efficiency and stability.**” Similarly, in thermocatalysis,
interfacial water can modify a catalyst’s surface properties,
including acidity/basicity and intermediate stability, thereby
affecting reaction pathways.**?*® Precise control of water
adsorption and desorption behavior may enable the optimiza-
tion of thermocatalytic activity.

Beyond catalysis, the study of interfacial water has also
important application potential in various fields such as energy
conversion and environmental remediation. For example, inter-
facial water modulation can simultaneously enhance the proton
conductivity and improve the water management by optimizing
the hydration degree of the proton exchange membrane and the
water behavior on the electrode surface, thus enhancing the
efficiency and stability of fuel cells.*?® In addition, interfacial
water plays an important role in environmental remediation,
especially in processes such as pollutant degradation and waste-
water treatment.>*® Interfacial water has a solvating and activat-
ing effect on the catalyst surface, affecting the adsorption and
degradation of pollutants. By optimizing the adsorption beha-
vior of water, the stability and reactivity of pollutants on the
catalyst surface can be enhanced, thus accelerating the degrada-
tion process.

The cross-domain application of interfacial water regulation
strategies could facilitate the design of multifunctional cata-
lysts capable of maintaining high performance across electro-
catalytic, photocatalytic, and thermocatalytic systems. Such
advancements would significantly broaden the application
scope of catalytic technologies while optimizing their practical
performance.

6.4. Dedicating actual industrial conditions for
understanding the “water effect”

Current research on interfacial water’s modulation primarily
focuses on optimizing the electrocatalytic performance under
controlled laboratory conditions, typically involving stability
tests of merely several hours at low current densities (e.g,
10 mA cm ™ %). However, industrial electrolyzer operations demand
sustained performance at significantly higher current densities
(up to 1000 mA cm ?) over thousands of hours, coupled with
exposure to harsh operational environments characterized by
strong acid/base corrosion, elevated temperatures and high pres-
sures. These extreme conditions result in the evaporation or
decomposition of water molecules, greatly reducing the stability
of the electrocatalytic system. Accordingly, water-in-salt systems
can largely represent an important segment in the industrializa-
tion of electrocatalytic processes and one of the directions for
future focused research, due to their advantages of providing ionic
conductivity, stabilizing reaction environments, supporting spe-
cific reactions and improving reaction efficiencies.”*"*** In addi-
tion, there exists an important issue of water management in
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electrocatalytic units. In large electrocatalytic devices, the uniform
distribution of water is a challenge. For instance, in water
electrolysis, a dry cathode design is effective in reducing con-
taminants in hydrogen, but too low a water content can lead to
cathode deactivation.”** Similarly, in CO, reduction, which relies
on proton exchange membranes, the water-driven effect may lead
to cathode deactivation, which in turn leads to a reduction in
selectivity.>** Therefore, the design of advanced flow fields, the
development of porous media, the application of efficient water
recycling systems, and the development of intelligence and auto-
mation in water management have received increasing attention
in recent years in water management research.

Although interfacial water modulation strategies have demon-
strated remarkable enhancements in electrocatalytic activity and
stability under idealized laboratory conditions, their practical
applicability in industrial scenarios remains largely unverified. To
bridge this gap, future research should prioritize the investigation
of interfacial water behavior and its correlation with catalyst
structural stability under industrially relevant conditions. This
approach will enable the development of robust interfacial water
modulation strategies tailored for real-world applications, ulti-
mately facilitating the translation of interfacial water research from
laboratory-scale discoveries to industrial-scale implementations.
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