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ABSTRACT

The universality and atomic-level structure of solid-liquid interfaces critically govern functionality across chemical,
biological, and geological systems. In electrocatalysis, this interfacial structure dictates reaction thermodynamics and
kinetics. However, fundamental understanding of structure-property relationships and their correlation with preferential
reaction pathways remains incomplete. While conventional models emphasize adsorbate-surface covalent bonding and
long-range electrode-electrolyte electrostatic interactions, emerging evidence highlights the significant impact of non-
covalent adsorbate-electrolyte interactions on the electrical double layer (EDL) structure and electrocatalytic kinetics.
Critically, both electrode and electrolyte co-determine catalytic performance. Despite advances in catalyst design, the
electrolyte's role in modulating the local interfacial environment is inadequately understood, hindering optimization of
activity, selectivity, and stability. Elucidating interfacial electrolyte effects is thus paramount, equaling the importance of
intrinsic catalyst properties. This review commences by evaluating established and emerging theoretical frameworks
describing the electrochemical solid-liquid interphase. Progressing to mechanistic insights, we decipher the role of
electrolyte composition—specifically cation/anion speciation, concentration, and pH—in modulating the activity and
selectivity of core electrocatalytic reactions. Critical assessment follows of state-of-the-art operando spectroscopic and
scattering methodologies for resolving the dynamic evolution of buried interfaces. We conclude by delineating
fundamental knowledge gaps and strategic research trajectories for electrolyte engineering to advance electrocatalytic
microenvironments.
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fundamental electrochemical interface reactions generally follow
five key steps: (1) Mass transfer in the electrolyte. The transport of
reactant molecules to the electrode surface. (2) Pre-surface
transfer. The movement of reactant molecules near the electrode
surface or within the adjacent electrolyte layer, including surface
adsorption and  chemical adsorption  processes.  (3)
Electrochemical reaction. The transfer of electrons between the
reactant molecules and the electrode surface, resulting in the
generation of products. (4) Post-transfer process. The removal of
reaction products from the electrode surface or the adjacent
electrolyte layer, involving processes such as product desorption or

1 Introduction

The solid-liquid interface plays an important role in various
scientific fields and is crucial for understanding of the physical
phenomena and interface structure [1-6]. This is particularly
relevant in areas such as catalysis [7-9], crystal growth [10, 11],
lubrication [12, 13], electrochemistry [14, 15], colloidal system [16,
17], and many biological reactions [18,19]. Notably, the solid-
liquid interface is the key to electrochemical processes that occur
at the electrochemical boundary between the solid electrode and
the liquid electrolyte [20]. To enable efficient conversion of
electrical to chemical energy at this interface, it is essential to

deeply understand its structure and properties, including the
composition of electrode materials, the configuration of the
double layer, and the characteristics of electrolytes [21]. The

further chemical transformations. (5) Formation of new phases
and product transfer. For example, gas or solid, which then
transfer from the electrode surface to the bulk solution [22, 23].
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By examining electrochemical processes at the solid-liquid
interface, it becomes evident that many crucial reactions occur
within the double layer [24, 25]. Traditionally, the understanding
of electrochemical interfaces has focused on covalent interactions
between adsorbates and solid electrode surfaces [26-28], as well as
electrostatic interactions between electrolytes and electrode
surfaces [29-32]. However, with ongoing research, it has become
clear that non-covalent interactions between adsorbates and
electrolytes also significantly affect the structure of the double layer
and the kinetics progress of catalytic reactions [33-35]. In
electrocatalytic reactions, achieving high catalytic performance
depends on the synergistic interplay between catalyst materials
and electrolytes. While the design and preparation of high-
performance catalysts for various electrocatalytic reactions have
made significant progress, the role of electrolytes in affecting the
thermodynamics and kinetics progress of electrochemical
reactions at solid-liquid interfaces remains unclear. Electrolytes
greatly affect the local catalytic environment, playing a critical role
in optimizing reaction pathways and regulating kinetic processes
[36-38]. Experimental data suggest the presence of a barrier
between catalytic reaction kinetics and thermodynamics in
electrochemical systems. However, there is still a limited
understanding of how electrolytes impact interface structures at
the atomic and molecular levels. Therefore, to fully unlock the
catalytic potential of electrochemical reactions, it is essential to
emphasize the role of electrolytes and elevate their importance to
the same level as that of the catalyst materials.

Herein, we summarize the influence of electrolytes on
electrocatalytic activity and selectivity in different electrochemical
reactions and advanced in-situ characterization techniques, which
enable the construction of a dynamic and comprehensive picture
of electrochemical processes. First, we discuss the current
understanding of electrochemical solid-liquid interface and its
model development. Secondly, we delve into the role of
electrolytes on the activity of various electrocatalytic reactions.
Next, the developed techniques for in-situ monitoring and
characterization of electrochemical interfaces are introduced,
which helps us to have a more intuitive understanding of the real-
time dynamic changes of solid-liquid interfaces during
electrochemical processes. Finally, we provide an outlook on the
future development and challenges faced by electrolytes in various
electrocatalytic reactions.

2 Fundamental electrode-

electrolyte interface

principles  of

Due to the complex species interactions and energy exchange
between catalysts and electrolytes, the electrochemical interface
during electrocatalytic reactions is not a static entity but rather a
dynamically evolving and broadened structure. Without a proper
understanding of this interface at the atomic scale, it becomes
challenging to fully grasp the fundamental properties of the solid-
liquid interface. In the electrochemical process, the electrostatic
interaction between the charged interface and counter-ions
attracts ions with opposite charges from the bulk solution to the
interface, while competing with the thermal effect that favors a
more uniform ion distribution. This results in a non-uniform
charge distribution along the normal direction of the interface,
forming a strong interface electric field, often exceeding 10* V-cm™
[39]. This intense electric field significantly influences catalyst
surface fluctuations, charge transfer, ion distribution, solvent
molecule orientation, and more complex interactions between
them [40].
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The discovery and development of the electrical double layer
(EDL) span several decades (Fig.1). In 1853, Helmholtz first
identified that charged electrodes in the electrolyte attract ions
with opposite charges, forming two layers at the electrode-
electrolyte interface, now known as the Helmholtz model [41, 42].
This model treats the charged interface like a parallel plate
capacitor, where one plate represents the charged surface, and the
other corresponds to the closest hydrated counter-ion, forming
the outer Helmholtz plane (OHP). However, the Helmholtz
model overlooks factors such as ion diffusion, adsorption, and
solvent-electrode interactions, assuming that EDL capacitance is
constant and independent of electrode potential or ion
concentration [43]. Gouy and Chapman later proposed the Gouy-
Chapman model, introducing the concept of a diffusion layer and
describing ion distribution via the Poisson-Boltzmann equation
[44,45]. This model suggests that ion concentration varies with
distance from the electrode, and the potential decreases
exponentially. While this was an improvement, the model
assumes ions are point charges, which can approach the electrode
surface infinitely under high polarization, which does not align
with experimental data. In fact, ions are solvated and can only
approach the electrode up to their solvation radius. The Debye-
Hiickel approximation, a linearized version of the Poisson-
Boltzmann equation, is applicable in low-potential cases, though it
is also used for nominally high-charged surfaces due to counter-
ion effects [46]. Building on these models, Stern incorporated
finite-sized ions and explained the reduced dielectric constant of
water near the interface, creating the Gouy-Chapman-Stern (GCS)
model [47]. This model includes a diffusion layer outside the
OHP, accounting for ion shielding effects on surface charges.
However, these mean-field models still have limitations, as they do
not consider specific ion adsorption, which can alter local behavior
at the interface. Graham suggested that certain ions or neutral
substances could penetrate the Helmholtz layer, leading to the
separation of inner and outer Helmholtz layers [43]. Further
developments by Conway, Bockris, and Ammar introduced the
role of water dipole properties [48], while Bockris, Devanathan,
and Miiller (BDM) refined the model by accounting for different
dielectric constants in water layers [49], establishing a more
comprehensive and widely accepted EDL model.

3 The influence of
electrocatalytic reactions

electrolytes  on

As mentioned earlier, electrolytes are an indispensable component
in EDL. They interact with the metal electrode surface through
electrostatic forces in the outer Helmholtz layer, influencing the
catalytic performance of electrochemical reactions. Additionally,
electrolytes engage in non-covalent interactions with adsorbates,
which affect the structure of double layer and the kinetics of
catalytic reactions. A deep understanding of the role electrolytes
play in electrocatalytic reactions is essential for gaining insight into
the dynamic changes progress at solid-liquid interface during
catalytic reactions and for developing effective strategies to
enhance the performance of specific reactions. In this section, we
will elaborate on the influence of electrolytes on the electrocatalytic
activity, selectivity, and stability in different electrochemical
reactions.

3.1 Electrocatalytic activity

3.1.1 Hydrogen oxidation reaction

The classical model of solid electrode-electrolyte interface
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Figure1 Classical mean-field theory of the electrical double layer and timeline.

primarily focuses on the covalent interaction between adsorbate
and solid surface, as well as the long-range electrostatic interaction
between electrolyte and metal electrode. However, the non-
covalent interaction between adsorbate and electrolyte are equally
crucial for understanding electrocatalytic trends. Markovic et al.
investigated the role of alkali metal cations on electrocatalytic
interfaces of Pt (111) and observed that these cations did not affect
the region associated with underpotentially deposited hydrogen
(Hypa) and the double-layer features, indicating no specific
adsorption between the cations and the Pt electrode surface [50]
(Figs. 2(a) and 2(b)). Conversely, in the region related to reversible
adsorption of OH (OH,y) species, the presence of Li* significantly
enhanced the adsorption of OH,4, forming OH,4-Li*'(H,0),. This
increased OH coverage in the compact double layer reduced the
number of Pt active sites, leading to slower reaction kinetics. This
specific non-covalent interaction appears to increase in line with
the hydration energy of the cations: Li* > Na® > K* > Cs".

Shao-Horn et al. further demonstrated, using classical
molecular dynamics (MD) simulations, that the local solvation
environment at the Pt (111) interface also follows cation-
dependent effect at both pH 1 and pH 13 [51]. Structure-making
cations (such as Li* and Na*) retain their solvated shell at the
electrical interface, while structure-breaking cations (such as Rb*
and Cs") exhibit partial de-solvation and tend to aggregate on the
surface. This cation-dependent interface structure was more
pronounced at pH 13, where the negative surface charge was
exhibited a systematic increase of up to 2 orders of magnitude in
the sequence of Cs* < Rb* < K* < Na* <Li’, with a corresponding
decrease in the recombination energy according to Marcus-Hush-
Chidsey (MHC) analysis.

However, a different conclusion was observed in the

polycrystalline Pt system. Oezaslan et al. investigated the effect of
alkali metal cations on the hydrogen oxidation reaction (HOR)
activity based on polycrystalline Pt electrodes in alkaline media
and found that Li* shifted the adsorption/desorption potentials of
Hypq to lower values (~15 mV), compared to K* and Na* [52]
(Fig. 2(c)). This observation aligns with Koper et al’s findings on
Pt (553) surfaces, where H,,q showed similar negative shift in the
presence of monovalent cations [53] (Fig.2(d)). The HOR on
polycrystalline Pt increased in the order of K* < Na* < Li*. This
improvement is ascribed to the arrangement of water molecules
controlled by the alkali metal cations, leading to non-covalent
interactions between the hydrated cations and adsorbed hydrogen,
which enhances the reaction kinetics in alkaline media,
particularly with LiOH. These non-covalent interactions play a
crucial role in improving the HOR activity, highlighting the
importance of cation control in alkaline solutions as a regulatory
parameter for electrocatalytic performance, though variations in
catalyst structure may affect this regulation.

In addition to inorganic alkali metal cation, organic cations also
impact HOR activity. Matanovic et al. investigated the role of
organic cations on HOR using Pt/C in three types of 0.1 M
alkaline  electrolytes:  tetramethylammonium  hydroxide
(TMAOH), tetrabutylammonium hydroxide (TBAOH) and
tetrabutylphosphonium hydroxide (TBPOH) [54]. They found
that organic cations specifically chemisorbed on the Pt surface,
driving co-adsorption of hydroxide ions. TMA* exhibited stronger
adsorption and affinity than TBA* and TBP", with hydroxide co-
adsorption following the order TMA* > TBA* > TBP", leading to
inhibited HOR activity (Figs. 2(e) and 2(f)).

Xu et al. further revealed that organic cations can induce the
formation of long-range ordered structures in interfacial water
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Figure2 (a) Modeling non-covalent interactions between hydrated alkali metal cations and electrode-adsorbed OH. (b) Cation effects on surface distribution of H,y,
OH,4 and irreversible oxide. (a, b) Reproduced with permission from Ref. [50], © Macmillan Publishers Limited 2009. (c) Cyclic voltammetry of polycrystalline Pt in
Ar-saturated 0.1 M MOH (M = Li: blue, Na: red, K: black). Reproduced with permission from Ref. [52], © Weber, D. J. et al. 2019. (d) pH-dependent cation effects on
voltammetric peak relating to Pt (110) steps. Reproduced with permission from Ref. [53], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (e) Top view of
TMA" (left top), TBA* (left middle) and TBP* (left bottom) on Pt (111). Results of natural bond orbital charge on TBA* and TBP* (right). (f) The fingerprint region of
C-H peak of TBAOH and TBPOH in infrared spectra after the chronoamperometric test. (e, f) Reproduced with permission from Ref. [54], © Chung, H. T. et al. 2016.
() Schematic illustration of cation distribution in TMA*/TPA* mixtures above TMA" critical concentration (0.01 M). (h) Orientational distribution functions of water
molecules along the surface normal in TMA’, TEA", and TPA" electrolytes. (i) Position-resolved hydrogen-bond density profile along the surface normal. (g-i)
Reproduced with permission from Ref. [55], © Zhao, K. Y. et al. Published by the Royal Society of Chemistry 2023.

molecules, thereby enhancing the kinetic rates of HOR [55]. The
study found that the peak values of water molecule density and
hydrogen bond number with the distance from the electrode
surface correspond to the water layer extending from the electrode
surface. The density of water molecules and the number of
hydrogen bonds in the first layer of water significantly decrease
with the increase of organic cation size, i.e., TMA > TEA > TPA,
which means that larger volume organic cation TPA can more
effectively displace the adsorbed water on the Pt surface
(Figs. 2(g)-2(1)). At the same time, the characteristic peak intensity
of water molecule density and the uniformity of hydrogen bond
distribution between the second and third layers of water are
positively correlated with the size change of organic cations,
indicating that when larger organic cations are present, water
molecules in different layers form stronger interlayer connections
through hydrogen bonds. The orientation distribution of the first
layer of water molecules further confirms that compared to TMA,
TPA is more favorable for the formation of interlayer hydrogen
bonds. For HOR, the reaction involves the shuttling of protons
between the electrode-electrolyte interface and the bulk electrolyte,
and the interconnection between different layers of water
molecules at the interface is crucial. Therefore, larger organic

il 742w | Sci@pen

cations can promote interfacial interlayer connections through
hydrogen bonding, thereby enhancing proton shuttle and HOR
activity.

3.1.2  Hydrogen evolution reaction

The hydrogen evolution reaction (HER) is pH dependent and can
be categorized as acidic and alkaline HER. In acidic systems, the
reactants for HER are hydrated hydrogen ions, while in alkaline
systems, water molecules are often regarded as reactants. Previous
studies have confirmed that alkaline HER kinetics limitations
arose neither from hydrolysis dissociation/formation energy
barriers nor hydrogen adsorption strength [56]. Instead, the
distribution of water in the EDL and the connectivity of the
hydrogen-bond network play a major role. The electrode-
electrolyte interface, which governs the transfer of reactants,
products, and intermediates, significantly affects OH' transfer and
water molecule polarization during HER.

Cations in electrolytes influence the electrode-electrolyte
interface in three ways: specific adsorption, semi-specific
adsorption, and electrostatic interaction with the electrode surface.
Li et al. systematized three cation-mediated electrocatalysis
modulation mechanisms: (1) site blocking via specifically adsorbed
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cations; (2) electron-transfer driving force alteration through
cation-induced potential redistribution; (3) cations interact with
the interface electric field, the dipole moment of adsorbed
intermediates, and reaction intermediates, altering the structure of
interfacial water [57]. The hydration of cations buffers interface
pH, significantly influencing HER activity.

Research on the effect of electrolyte cations on the HER
overpotential can be traced back to 1930, when Herasymenko et
al. found that adding metal salts to 0.01 M HCI increased the
overpotential on mercury electrodes [58]. For example, 0.1 M LiCl
and RbCl increased HER overpotential by 53 and 86 mV,
respectively. In addition, the overpotential increase correlated with
the valence of the cation, with Li*, Mg*, La*, and Th* causing
increases of 13, 54, 79, and 104 mV, respectively. These trends
were ascribed to competitive electro-sorption of protons versus
cations at the electrode interface, quantified via a competitive
Langmuir isotherm formalism. The cations with higher hydration
energies (e.g., Li*) exhibited stronger non-covalent interactions
with the Pt surface, affecting HER activity. The order of alkali
metal cations by hydration energy was: Li* > Na* > K" > Cs".

Markovic et al. discovered that Li* formed stronger interactions
with H,O and adsorbed hydroxide (OH,y) compared to K,
enhancing HER activity of Ni(OH),/Pt catalyst. They explained
that Li* hydration in the compact layer of EDL facilitated the
formation of Ni(OH),-Li-OH-H complexes, reducing steric
hindrance or electronic effects on the interfacial water and
promoting water dissociation [59]. Similarly, Jia et al. investigated
the role of OH,4, water, alkali metal addition (AM) in the EDL,
showing that AM* induced desorption of OH,4 into the bulk
electrolyte, thus enhancing HER kinetics [60] (Figs. 3(a) and 3(b)).
As Lewis acids, AM" cations had a strong bond with the Lewis
hard base OH, but a weak bond with the nearly neutral OH,4,
leading to unbalanced bonding energies that promoted OH,4
desorption and enhanced the Volmer step of HER. But this
phenomenon only existed in one direction, that was, the presence

of OH,4-(H,0),-AM" only improved HER, and did not improve
HOR. However, the hydrogen binding energy (HBE) and the
potential of zero charge (pzfc) theories affected the Volmer
reaction steps from both the HER and HOR directions, so these
two theories cannot explain the enhanced HER activity induced
by AM". Based on the preliminary works of Markovic and Jia et
al,, Duan et al. systematically studied the influence of alkali cations
in HER on Pt in alkaline media [61] (Figs. 3(c)-3(e)). They found
that smaller AM* cations (e.g, Li*) increased OH,4 coverage,
thereby promoting HER activity. Li*, in particular, caused minimal
disruption to OH,4 on the Pt surface, enabling OH,4 to shuttle
protons within hydration shells, thereby accelerating HER kinetics
in alkaline media. In HER, cations not only affect the coverage of
OH,, but also affect the interfacial water structure and hydrogen
bonding network. Li et al. used electrochemistry, in-situ core-shell
nanostructure enhanced Raman spectroscopy techniques to
systematically study the behavior of different cationic electrolytes
at the interface of Pd surface water [62]. As the size of the cation
changes, there is a significant difference in the frequency vibration
of the OH stretching band under the studied potential, that is Li*
(0.1 M) < Na' (0.1 M) <K' (0.1 M) < Ca* (0.1 M) < Sr* (0.1 M) <
Na* (5.0 M). Due to the correlation between the Raman frequency
of the OH stretching vibration band and the hydrogen bonding
interaction of water molecules, the higher the Raman frequency of
the OH stretching vibration band, the weaker the hydrogen
bonding interaction. Therefore, for cationic electrolytes with larger
radii, higher valence states, and higher concentrations, the
interface water at the Pd water interface exhibits weaker hydrogen
bonding interactions. According to the differences in interfacial
water hydrogen bonding interactions caused by different cations,
the OH stretching vibration band is decomposed into three parts:
low frequency, medium frequency, and high frequency. The low-
frequency and high-frequency components are respectively
associated with 4-coordinated and 2-coordinated hydrogen
bonded water, while the high-frequency component is associated
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Figure3 (a) The roles of OH,4-(H,0),-AM" in the alkaline HER kinetics. (b) Polarization curves of the Pt polycrystalline in 0.1 M MOH (M=Li, Na, K). The inset
presents the CV curves. (a, b) Reproduced with permission from Ref. [60], © American Chemical Society 2019. (c) Typical CV (black), negative sweeping branch (red)
and ETS spectrum (blue). (d) Potential-dependent normalized ETS conductance for PtINW electrode in 0.1 M MOH (M = Li, Na and K) electrolyte. (e) Cation-
modulated OH adsorption energetics from static calculations and AIMD simulations. The dotted horizontal line marks the adsorption energy without cation. (c-e)
Reproduced with permission from Ref. [61], © Shah, A. H. et al. under exclusive licence to Springer Nature Limited 2022. (f) Work function dependence of Volmer
step energetics for bare and [EMIM]'-covered Ag(111) surfaces. Reproduced with permission from Ref. [63], © American Chemical Society 2017.
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with cation bound water with weak hydrogen bonding
interactions. At the research potential, the proportion of cation
bound water in the OH stretching vibration bands of 0.1 M Li7,
Na, K, Ca*, Sr*, and 5.0 M Na" electrolytes was 18.6%, 22.9%,
23.6%, 43.7%, 47.9%, and 52.1%, respectively. Density functional
theory (DFT) calculations showed that the coordination numbers
of water molecules around Li*, Na*, K*, Ca*, and Sr** were four,
five, six, six, and eight, respectively, which was consistent with the
enrichment phenomenon of cation bound water in in-situ Raman
results. In addition, water molecules with two dangling hydrogen
atoms in cationic systems exhibited structural differences. With
the increase of cation radius and valence state, hydrogen atoms
that were originally far away from the electrode will be oriented
closer to the surface, forming a structure where two of hydrogen
atoms are directed toward the electrode surface, that is, a two-H
down structure. This indicates that changing the cation can
effectively regulate the structure of interfacial water. Cations with
higher valence states and larger ionic radii can generate more
water molecules with a two-H down arrangement at the Pd
surface, which can effectively enhance the HER reaction rate.

In addition to alkaline cations, organic cations also influence
HER activity. Jaramillo et al. explored the pH-dependent effects of
1-ethyl-3-methylimidazolium (EMIM*) on the HER of Ag, Cu
and Fe electrodes [63] (Fig. 3(f)). At pH=1, the presence of EMIM*
significantly reduced the current density of all three catalysts,
particularly Fe, where the current density dropped by 75 % at
-0.5 Ve In alkaline solutions (pH 13), the role of EMIM' on
HER was negligible, likely because EMIM* competes with H;O*
for active sites in acidic conditions but has little effect on neutral
H,O diffusion in alkaline conditions. Further, Sequeira et al.
studied the effects of specific adsorbed anions in ionic liquids on
HER activity in alkaline electrolytes by using [EMIM][Ac]
(acetate), [EMIM] [EtSO,] (ethylsulfate), and [EMIM][MeSO;]
(methane sulfonate) [64]. They found that [MeSO;]- resulted in
the highest HER current, while [Ac]” and [EtSO,] inhibited HER.
The addition of ionic liquids reduced total impedance, likely due
to the pre-adsorption of the ionic liquid, which stabilized
intermediate hydrogen atoms and altered charge transfer
processes at the electrode-electrolyte interface.

3.1.3  Oxygen evolution reaction

The oxygen evolution reaction (OER) is an important semi-
reaction in water electrolysis equipment, with a theoretical
potential of 1.23 Vg [65]. The relentless pursuit of researchers is
to achieve efficient OER processes at lower overpotentials. While a
large amount of research has focused on developing efficient OER
catalysts and improving stability under high current densities, the
impact of electrolytes on OER activity is less understood. Recent
studies have demonstrated that both electrolyte cations and anions
significantly affect OER activity, including alkali metal cations and
anions. A deeper understanding of these effects can provide
insights into changes in the EDL during OER and inform the
development of more efficient OER catalysts.

Kitchin et al. investigated the effect of different alkaline
electrolytes and Fe’* content on the OER performance of NiOOH
catalysts [66] (Fig. 4(a)). In Fe**-free electrolytes, the OER activity
followed the trend Cs* > K* = Na* = Li*, when the overpotential
was greater than 0.45 V. However, with the introduction of Fe*
impurities, the OER current density in Fe*-saturated KOH and
NaOH significantly increased compared to that of CsOH and
LiOH. At an overpotential of 0.3 V, KOH and NaOH exhibited a
current density of 7 mA-cm?, while CsOH and LiOH reached 4.5
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and 2.5 mA-cm?, respectively. Compared to purified electrolytes,
the introduction of Fe* reduced the overpotential of the four
electrolytes by at least 100 mV. The enhanced performance in
KOH and NaOH electrolytes was attributed to the interaction
between Fe** and K, Na*. Further, Raman spectroscopy was used
to study CsOH and LiOH, showing peak shifts at 480 cm™ (O-Ni-
O bending) and 560 cm™ (O-Ni-O stretching) under different
overpotentials before and after Fe™ introduction. For purified
CsOH, the peak positions were 1.5-5.0 cm™ lower than for LiOH,
indicating that CsOH promoted the NiOOH active phase with
longer Ni-O bonds, resulting in higher OER current density [67].
After Fe* was added, the Raman spectra showed only minor
changes, suggesting that Fe* had little impact on the NiOOH
structure.

Likewise, Koper et al. also confirmed that the OER activity
followed the order Cs* > Na* > K* > Li* in purified 0.1 M MOH
[68] (Fig.4(b)). Although widespread recognition of cation-
dependent OER kinetics, the exact mechanism remains unclear.
Grimaud et al. suggested that cation-oxygen electrostatic coupling
at electrified interfaces as the dominant factor to explain cation-
dependent OER activity trends [69] (Figs. 4(c) and 4(d)). By
studying the cyclic voltammetry of the electrodeposited NiOOH
film in Fe-free 0.1 M MOH (M=Li*, Na*, K*, TBA* and TMA"), it
was found that no change in the oxidation potential from Ni** to
Ni* was observed for Li*, Na* and K*. For TBA* and TMA", a
positive shift in the oxidation potential from Ni* to Ni** was
observed. For Fe containing membranes, cations strongly
influenced the Ni*"/Ni** redox peak, with a potential difference of
78 mV between K and TMA", indicating that Fe-free and Fe-
containing membranes had different affinities for TBA* and
TMA". Further research on the oxidation-reduction process from
Ni** to Ni** revealed that pure NiOOH membranes had a cation
independent potential-pH dependent value of -60 mV/pH. When
pH > 12.5, the potential pH dependent value of the Fe-containing
film was -90 mV/pH, indicating that the Fe-containing film had
different deprotonation mechanisms. The OER test also showed
that from Na*, K* to TMA®, the Tafel slope of the Fe-containing
membrane changed from 35 to 55 mV-dec”, indicating that TMA*
can regulate the OER mechanism based on its interaction with the
membrane. Isotope testing was conducted to understand
information about the OER mechanism and hydrogen bonding
network. For Fe-free membranes, the OER activity in H,0 and
D,0 was consistent. However, the OER activity of the Fe-
containing film in D,O was significantly reduced, accompanied by
an increase in Tafel slope, indicating that the hydrogen bonding
network must affect the OER kinetics by changing the number of
active sites or the interaction between intermediates and adsorbed
water. The introducing deuterated water would change the
*O--HO" interaction between active oxygen species and OH,
thereby affecting OER activity. Diaz-Morales et al. attributed the
OER performance with cation-dependence to the change in
electrolyte basicity of the alkali hydroxides, which affect the
adsorption energy of oxygen-containing intermediates during
OER process [70] (Fig. 4(e)). Most of these studies still focus on
the non-covalent interactions between electrolyte-cations and
OER intermediates, while the dynamic changes in the
electrocatalysts structure have not been taken into account, which
may be regulated by cation insertion.

Luo et al. found that electrolyte cations could insert into the
original CoOOH catalytic layer, increasing interlayer spacing and
enhancing OER activity with the order Cs* > K* > Na* > Li* [71]
(Figs. 4(f) and 4(g)). OER testing showed overpotentials of 355,
386, 399, and 406 mV at 10 mA-cm™ in CsOH, KOH, NaOH, and
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Figure4 (a) Schematic diagram of the influence of different alkaline electrolytes and electrolyte Fe content on the catalytic activity and active structure of NiOOH. (b)
CVs of NiOOH at pH 13 in various electrolytes. Reproduced with permission from Ref. [68], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2019. (c) Cation
interactions with active oxygen species on pure NiOOH versus Fe-containing Ni(Fe)OOH surfaces. (d) Redox potential of Ni(OH),/NiOOH in 0.1 M MOH
electrolyte. (c, d) Reproduced with permission from Ref. [69], © Yang, C. Z. et al. Published by Wiley-VCH Verlag GmbH & Co. KGaA. 2017. (e) Current density at
1.56 V vs. electrolyte concentration. Reproduced with permission from Ref. [70], © Gérlin, M. et al. 2020. (f) Dependence of experimental overpotential at 10 mA-cm?
on Co oxidation state and Co-O bond length. (g) The schematic illustration of alkali cation intercalation and elongated Co. (f, g) Reproduced with permission from
Ref. [71], © Wiley-VCH GmbH 2023. (h, i) Stable anion adsorption configurations on Pt (111) and their adsorption free energies as a function of applied potential. (h,

i) Reproduced with permission from Ref. [72], © Kamat, G. A. et al. 2022.

LiOH, respectively. In-situ XRD revealed a negative shift in the
diffraction peak of the CoOOH (003) plane as voltage increased,
indicating that the insertion of cations led to an increase in
interlayer spacing. At the same time, the lattice spacing of the
(101) planes of CoOOH-Cs', CoOOH-K', CoOOH-Na* and
CoOOH-Li* were 0.264, 0.258, 0.255 and 0.251 nm, respectively,
which were greater than the original lattice spacing of CoOOH at
0.241 nm, consistent with the conclusion of in-situ XRD. Through
the study of COOOH-Mr chemical bonds, it was found that cation
insertion can form the Co-O-cation bridge, which can promote
the kinetics of OER reaction. X-ray absorption spectroscopy
further confirmed that cations with higher atomic numbers
stretched Co-O bonds, optimizing the adsorption energy of

oxygen-containing  intermediates and  enhancing OER
performance. DFT calculations indicated that alkali metal cation
insertion altered the d-band center of Co atoms, following the
order of Li* (-2.18 eV) < Na* (-2.13 eV) < K* (-2.09 eV) < Cs*
(-2.07 eV).

In addition, anions also play a significant role in OER activity.
Recently, it has been found that these thermodynamically stable
oxygen-containing anions can adsorb on the catalyst surface.
There, they can interact with reaction intermediates, thereby
altering the OER kinetics. Jaramillo et al. investigated the effects of
ClOy, NOs, and SO,* anions on the OER process, finding that Pt
exhibited Tafel slopes of 125 and 160-170 mV-dec” in HCIO,,
HNO;, and H,SO,, respectively [72] (Figs. 4(h) and 4(i)). This
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indicated differences in the OER mechanism across electrolytes.
The weaker adsorption of ClO, resulted in higher OER activity,
while stronger adsorption of NO; and SO, led to lower activity
due to competitive adsorption at active sites.

3.14 Oxygen reduction reaction

Previous research has shown that the oxygen reduction reaction
(ORR) process can proceed through two primary pathways, the
direct 4e” reduction and series 4e” reduction [73, 74]. In the direct
pathway, oxygen is reduced to water in a one-step reaction in
acidic media or reduced to hydroxyl ions in alkaline media. In
contrast, the series pathway first reduces oxygen to a superoxide
anion, which is further reduced to hydrogen peroxide
intermediates in acidic media or hydrogen peroxide anion
intermediates in alkaline media, before ultimately forming water
or hydroxyl ions. The choice between the direct and series
pathways is heavily influenced by the electrolyte, making
electrolyte regulation a key strategy for controlling the
thermodynamics and kinetics process of the ORR.

Zhang et al. investigated the ORR performance in NaOH and
KOH solutions (0.5-14 M) and found that increasing the
electrolyte concentration resulted in a monotonic negative shift in

8 A

the peak potential and a significant reduction in current density,
indicating inhibition of ORR activity [75] (Figs. 5(a) and 5(b)).
KOH solution showed higher peak potential and current density
compared to NaOH, suggesting that KOH is more favorable for
ORR thermodynamics and kinetics. The ORR mechanism was
found to be quasi-reversible and diffusion-controlled in both
solutions, with an increase in concentration inhibiting superoxide
protonation, thus shifting the process from the 2e” pathway to the
le~ pathway. Factors such as oxygen solubility, diffusivity, and
PtOH formation were also affected, with KOH exhibiting better
oxygen solubility and diffusivity, leading to enhanced ORR
activity. Markovic et al. studied the influence of cations (Li, K,
Ba™) on the ORR over Pt and Au surface [76] (Fig. 5(c)). On Pt
electrodes, OH adsorption increased in the order K* < Li* < Ba™,
indicating that ORR activity followed K* >> Li* > Ba™.
Additionally, OH,4 stabilized by cations was observed in the
hydrogen underpotential deposition (H,,) region, indirectly
confirming that M™ may be located between the inner and outer
Helmbholtz layers. Surface X-ray scattering (SXS) revealed that the
cations in EDL were anchored via ion-dipoleinteractions
(Ba*--OH,4). However, Au electrodes, the impact of cations was
negligible due to the low coverage of OH,4- M"(H,0), complexes.
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The minimal coverage on Au reduced the effect on O, adsorption
sites and ORR activity, in contrast to Pt, where the higher coverage
enhanced ORR activity.

In addition to inorganic metal cations, organic cations in ionic
liquids also play an important role in ORR. Recent studies have
highlighted that the increased hydrophobicity at the Pt-ionic
liquid interface and enhanced oxygen solubility contribute to
improved ORR activity. Additionally, the difference in pKa values
between ionic liquid cations and electrolyte anions also correlates
with the open-circuit potential of H,/O, fuel cells. Therefore, the
interfacial proton activity of ionic liquids likely modifies the
proton-coupled electron transfer (PCET) dynamics on metals like
Pt and Au, thus affecting ORR activity. Shao-Horn et al. used ionic
liquids to modify local proton activity in the interface layer
between platinum and gold, investigating how different ionic
liquids affect the intrinsic ORR activity [77] (Figs. 5(d) and 5(e)).
They proposed that cations in ionic liquids act as interfacial
proton relays, facilitating proton transfer between the bulk
electrolyte and metal surface protons. Therefore, various proton
cations ([C,C,im]* pKa=23.3, [TMPim]* pKa=21.3, [MTBD]*
pKa=15.0, [DBUJ* pKa=13.5, [DEMA]* pKa=10.3, [TEMEDA]"
pKa=8.9, [C;Him]* pKa=7.1) were used to investigate the effect of
local proton activity near the active site on ORR kinetics, revealing
a strong correlation between ORR activity and the pKa of proton
cations, displaying a volcano trend. For example, ORR activity on
Au/C and Pt/C increased by 5-fold and 3-fold, respectively, with
the addition of ionic liquids. The highest activity was achieved
when the pKa of the proton cation closely matched the pKa of the
ORR product (e.g., water or hydrogen peroxide), enhancing PCET
dynamics.

Further, Snyder et al. investigated the role in ionic liquids on
interfacial water in the ORR process [78] (Figs. 5(f) and 5(g)).
Hydrophobic ionic liquids were shown to reduce the coverage of
oxidized species such as OH, at the solid-liquid interface,
increasing the density of active sites. By weakening the binding of
OH,, through reduced solvation, the removal of OH,4 in the last
step of the ORR mechanism was facilitated, improving turnover
rates and enhancing ORR activity.

In addition to the influence of cations in the outer Helmholtz
layer, specific adsorbed anions also affect ORR performance by
interacting with the electrode interface.

Jaramillo et al. investigated the effects of ClO,, NO;, and SO~
anions on ORR, finding that ClO, exhibited the highest ORR
activity, while NO;, and SO, had significant inhibitory effects.
The different adsorption strengths of these anions on the electrode
surface contributed to competitive adsorption, with SO, showing
the strongest adsorption and the lowest ORR activity. Chen et al.
studied the effect of phosphate anions on the ORR performance of
Pt (100), Pt (110), Pt (111), and PtSn (111) surfaces [79]
(Fig. 5(h)). Firstly, based on the cyclic voltammetry, it was found
that the addition of H;PO, reduced the double layer current of Pt
(100) and Pt (110) electrodes, and the magnitude of Pt (100)
reduction was more pronounced, and the double layer current of
Pt (111) increased significantly, which indicated that the
adsorption of phosphate anions was more pronounced than Pt
(100) and Pt (110) electrodes. Secondly, two results can be
obtained by recording the ORR polarization curve. One was that
the addition of H;PO, caused a significant overpotential on the
platinum electrode. In the presence of 100 mM H;PO,, the half
wave potential shifts on Pt (100), Pt (110), Pt (111), and PtSn (111)
were 99, 95, 141, and 102 mV, respectively, which meant that the
toxic effect of phosphate adsorption on ORR decreased in the

R ..

order of Pt (111) > PtSn (111) > Pt (100) > Pt (110). Another
reason was that phosphate anions didn’t compete with oxides
during the adsorption process, as the presence of phosphate
anions only caused slight hysteresis changes. As is well known, the
hysteresis between the cathod and anode scan of the ORR curve
was due to the formation of platinum oxide. Further research was
conducted on the effect of H;PO, addition on the rate
determining step (RDS) of ORR process on platinum electrodes, it
was found that with the increase of phosphate concentration, the
transition potential between 60 and 120 mV-dec” of the four
electrodes remained at 0.90 Vg, indicating that the RDS in ORR
was not influenced by the adsorption of phosphate anions.

Finally, studies on the inhibitory effects of hydrochloric acid
(HCI), hydrobromic acid (HBr) [80] and hydroiodic acid (HI)
[81] halide anion have also demonstrated the competitive
adsorption of these anions with ORR intermediates on Pt
electrodes, leading to reduced ORR activity (Fig. 5(1)).

3.2 Electrocatalytic selectivity

3.2.1 CO, reduction reaction

The electrochemical reduction of carbon dioxide (CO,) into
economically valuable carbon-based products offers a promising
strategy to mitigate the greenhouse effect, enhance CO, utilization,
increase energy storage, and contribute to achieving carbon
neutrality and peak carbon goals [82]. Significant advances have
been made in CO, electro-reduction research, enabling highly
selective conversion of CO, into high-value chemicals. Given the
diverse range of CO, reduction products, such as CO, HCOOH,
CH,0H, CH,, CH,CH,OH, C,H,, current efforts focus on
identifying optimal catalytic materials and electrochemical
conditions to enhance both activity and selectivity for specific
products.

As an important medium for ion transport in electrochemical
testing, electrolytes have a significant influence on the process of
CO, electro-reduction. Specific and non-specific adsorption of
electrolyte ions alters active site availability and intermediate
adsorption / desorption behavior, ultimately modulating the
activity and selectivity of CO, reduction. Understanding how
electrolyte cations and anions affect reaction kinetics and product
distribution is key to developing electrochemical systems with
superior CO, reduction performance and high selectivity for
desired products.

In 1991, Hori et al. first demonstrated that alkali metal cations
in electrolytes play an important role in modulating CO,
reduction activity and product selectivity on Cu electrodes [83]
(Fig. 6(a)). They found that in the presence of Li", the hydrogen
evolution reaction (HER) dominated over CO, reduction, while
Na’, K, and Cs* favored CO, reduction. Moreover, the selectivity
towards C,H,, as opposed to CH,, increased with hydrated cation
size (Li* < Na* < K* < Cs*), a phenomenon attributed to cation-
induced changes in the OHP potential. Similarly, Koper et al.
revealed that CO, electro-reduction does not proceed in the
absence of alkali metal cations in a 1 mM H,SO, electrolyte [84]
(Fig. 6(b)). The addition of alkali cations accelerated CO
formation, with a reactivity trend of Cs* > K* > Na* > Li*, and
comparable findings were observed on silver and copper
electrodes. DFT calculations supported that alkali cations act as
promoters for CO, electro-reduction by forming complexes with
CO,, facilitating the formation of CO,™ intermediates.

Waegele, M. M. et al. further investigated selected alkali metal
cation surface interactions by using tetramethylammonium
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Figure 6 (a) Potential distribution in the neighborhood of the electrode. Reproduced with permission from Ref. [83], © the Chemical Society of Japan 1991. (b) CO
detected on the Au electrode directly after CO, reduction in 1 mM M,SO, with M = H, Li, Na, K or Cs. Reproduced with permission from Ref. [84], © Monteiro, M.
C. O. et al. under exclusive licence to Springer Nature Limited 2021. (c) 1482 cm™ band area vs. hydration free energy of alkali cations (M"). Reproduced with
permission from Ref. [85], © Ovalle, V. J. et al. under exclusive licence to Springer Nature Limited 2022. (d) Schemata of double layer near cathode in HOTf + MOTf.
Reproduced with permission from Ref. [86], © Gu, J. et al. under exclusive licence to Springer Nature Limited 2022. () C,, current density in MHCO; normalized to
LiHCO,;. (f) Impact of hydrated cation size on catalyst surface charging. (e, f) Reproduced with permission from Ref. [87], © American Chemical Society 2022. (g)
Cation-dependent water dissociation and OHP accumulation at electrode interface. (h) Normalized HER activity as a function of cation acidity (pKa) — Modeled
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© Monteiro, M. C. O. et al. Published by American Chemical Society 2022. (i) Product distributions as a function of halide identity (-1.0 V). Reproduced with
permission from Ref. [92], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2016.

(merthyl,N") as a vibrational probe [85] (Fig. 6(c)). By monitoring
the asymmetric CH; deformation patterns of merthyl,N*, two
subgroups were identified: hydrated merthyl,N* and specifically
adsorbed merthyl,N". The latter subgroup was replaced by alkali
metal cations under catalytic electrode potential, so it was selected
as the probe. Their findings revealed that cation coverage on the
electrode surface increased with decreasing hydration free energy
of the cations (Cs* > K* > Na* > Li*), and its coverage was related
to the hydration free energy of alkali metal cations themselves.
Additionally, Hu et al. explored the electric field induced by K*
cations near the electrode surface, discovering that the addition of
K" enhanced the local electric field in the Stern layer while
weakening it beyond 2 nm from the cathode, ultimately inhibiting
HER and promoting efficient CO, reduction through interactions
between the electric field and dipole moments of intermediate [86]
(Fig. 6(d)).

Bell et al. examined the influence of alkali metal bicarbonate
(MHCO;, M=Li, Na’, K, Rb’, and Cs") electrolytes on Cu
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electrode CO, electro-reduction, showing that the formation of
HCOO-, CH, and C,H,OH exhibited hydrated cation size
dependent effect, following the order of Cs* > Rb* > K* > Na* > L,
while the formation of H,, CO and CH, remains unaffected by
cation size [87] (Figs. 6(e) and 6(f)). These trends were attributed
to the variations in electrostatic field intensity in the bilayer, driven
by the decrease of hydration cation radius in outer Helmholtz
layer and the increase of the pzfc value of metal catalyst. The
increased electrostatic field intensity contributed to the stable
adsorption of intermediates with significant dipole moments, such
as *CO, and *OCCO, thereby increasing the selectivity towards
C,, products. Dynamic control of cathode potential was identified
as an effective way to regulate the distribution of CO, reduction
products. By studying pulse electrolysis, it was found that shorter
potential pulses enhanced the Faraday efficiency (FE) of C,,
products by allowing more frequent access to a transient enhanced
state. This indicated that maintaining high local pH and CO,
concentration were critical factors in improving the FE of C,,
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products. Following the study of monovalent cations, attention
was directed to the influence of multivalent metal cations on CO,
electro-reduction activity and selectivity. Koper et al. investigated
the effects of multivalent cations (Li*, Cs', Ca*, Ba** and Nd*, etc.)
on the CO, electro-reduction process and competitive HER [88]
(Figs. 6(g) and 6(h)). At low overpotential, the cations did not
affect proton reduction but were beneficial for CO, electro-
reduction. The activity of CO production increased in the order of
Li* < Na* < K* < Cs". Meanwhile, it was found that electrolytes
containing Cs* and K* could produce more CO at lower potentials
compared to Na' and Li* which was due to the stronger
coordination ability of Cs* and K* with the adsorbed CO, reaction
intermediates. At high overpotential, the activity of CO
production followed the order of Cs* > Ba* > Li* > Ca*. The
specific effects of these cations were found to influence water
dissociation and the stability of *CO, intermediates, determining
the competition between CO, electro-reduction and H,O
reduction. Further investigation revealed that the cation acidity
determined the cation accumulation and hydrolysis kinetics at the
OHP site. Softly hydrated cations, such as Cs*, Ba* and Nd*,
exhibited the lowest cation-cation repulsion and accumulated at
the OHP site. In addition, water dissociation occurred without
barriers in the presence of acidic cations, further stabilizing the
coordination between cations and *CO, intermediates, thereby
facilitating the CO, reduction process. Moreover, trivalent cations
and weakly hydrated ions showed more continuous coordination,
resulting in higher CO, reduction activity, following the order of
Cs® < Ba* < Nd*. However, Shao-Horn et al. found that smaller
and more acidic alkali metal cations can significantly enhance the
conversion kinetics of CO, to methanol on immobilized
molecular cobalt catalysts, contrary to the observed trends of CO
and C,, [89]. Experiments have shown that CO was the main
product of CO,RR in bicarbonate electrolytes. Notably, at
potentials more positive than -0.7 Vg, CO was the primary
product (up to ~90% selectivity). However, at more negative
potentials, the CO output began to decrease due to its further
reduction to methanol. Crucially, in this methanol-forming
regime, larger cations (Li* < Na* < K* < Cs") resulted in higher
detected CO levels, directly pointing to faster CO-to-methanol
conversion kinetics with smaller cations. The kinetic isotope effect
(KIE) experiment and the pH-dependent potential mismatch
phenomenon on the standard hydrogen electrode (SHE) scale
further confirmed the proton involvement in the reaction
mechanism of methanol generation on molecular cobalt catalysts
and the protonation of *CHO as the RDS of the reaction.
Molecular dynamics simulations revealed that while the strongly
bound hydration shell of small cations (e.g., Li*) hinders their
direct approach to the *CHO intermediate, it simultaneously
enriches the interfacial water network and hydrogen bonds
around *CHO. This facilitates proton transfer. Furthermore, small,
acidic cations with high hydration energy polarize water
molecules, promoting proton transfer to the *CHO intermediate.
Consequently, smaller and more acidic cations effectively
accelerate methanol generation.

In addition to cations, anions in electrolytes also play a
significant role in the activity and selectivity of CO,
electroreduction. Bell et al. investigated the effects of anions with
buffering ability (HCO;, HPO,/ and H;BO;) and without
buffering ability (ClO,” and SO,*) on CO, electro-reduction of Cu
electrodes [90]. Non-buffering anions showed no impact on CO,
electro-reduction, while buffering anions modulated the selectivity
towards H, and CH,, following the order of HCO; < H;BO; <
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HPO,”. This phenomenon was attributed to their pKa values,
following the order of HCO; (10.33) > H;BO; (9.23) > HPO*
(7.21), consisting with H, formation being rate-limited by H atom
generation via proton-electron transfer, while CH, formation is
constrained by the *CO hydrogenation rate.

Strasser et al. further explored the effect of halogen anions (CI,
Br and I') on the CO, electro-reduction process. The presence of
CI' and Br inhibited the HER and enhanced CO selectivity [91].
On the contrary, the addition of I" inhibited CO production but
promoted CH, formation. Additionally, although Br and T
induced the surface morphology of Cu electrodes, the effect of
halogen anions on the CO, reduction performance was primarily
driven by their adsorption on the electrode surface. DFT
calculations confirmed that halides adsorb onto the electrode
surface, with the charge retention ability following the order I" <
Br < CI. Therefore, the I" on the Cu electrode surface provided
more charge, promoting charge transfer to CO, and CO. Bell et al.
further examined the effect of halide anions on surface
recombination of polycrystalline Cu electrodes [92] (Fig. 6(i)). It
was found that the recombination rate was highly sensitive to
halogens, increasing in the order I < Br- < CI" < F, which was
consistent with the solubility of copper halides, leading to a thicker
Cu,O layer. In addition, regardless of the type of halogen anion
used, the recombined Cu electrode exhibited superior HER
suppression and enhanced CO, electrochemical activity.

3.2.2 N, reduction reaction

The electrochemical nitrogen reduction reaction (NRR) to
synthesize ammonia offers a more sustainable and economical
alternative to conventional ammonia production methods.
However, the high overpotential required for NRR leads to
competition with the HER, which shares similar PCET pathways.
In practice, hydrogen atoms are more readily adsorbed on the
electrode surface compared to nitrogen atoms, and HER exhibits
faster electron transfer kinetics than NRR. Consequently, HER
becomes the dominant competing reaction, consuming electrons
that would otherwise contribute to NRR, thereby decreasing both
ammonia yield and FE. To overcome this challenge, it is crucial to
suppress HER and enhance the selectivity of NRR to improve
ammonia production. In addition to designing highly active and
selective catalysts for NRR, regulating electrolyte composition to
suppress HER has emerged as a critical strategy for improving
ammonia yield and FE. Current research demonstrates that
manipulating electrolyte pH (acidic, neutral, or alkaline) and
employing non-aqueous electrolytes, such as organic solvents, can
effectively inhibit HER and enhance NRR performance.

Rojj et al. studied the effect of H* concentration in acidic
electrolytes on NRR selectivity [93] (Figs. 7(a) and 7(b)). For fixing
N, saturation and varying HCI concentrations (C=107, 107, 10"
and 100 M), they observed that the EDL region narrowed with
increasing electrolyte concentration. Higher bulk H* concentration
resulted in increased H* concentration near the electrode surface,
simultaneously decreasing N, availability. At low H*
concentrations (10 and 10 M), the NRR rate was limited by the
proton transfer for nitrogen species protonation. Conversely, at
high H* concentrations (10" and 100 M), HER inhibited the
progress of the NRR process. After experimental optimization,
when pH=3.5, the ammonia yield and FE of the NRR process
were the highest. Feng et al. studied the NRR activity of Pd
electrodes across various pH conditions [94] (Fig. 7(c)). HER tests
in Ar-saturated electrolytes of 0.05 M H,SO, (pH = 1.2), 0.1 M
phosphate buffered saline (PBS, pH = 7.2), and 0.1 M NaOH

https:/www.sciopen.com | https:/mc03.manuscriptcentral.com/nre | Nano Research Energy


https://www.sciopen.com
https://mc03.manuscriptcentral.com/nre

1

2

Nano Research Energy 2025, 4: €9120210

@ .l —< ], M, © s ~
e S
— T 41 =
—~ 84 € g
w o) =
o & 5]
44 ® o4
o g
2 kel
> 14 2 ©
04 © 0.05 ®©
0 Z o A &
10 10* 10°% 102 107! 10° 10 10* 10°% 102 107! 10° 0.05 M H,S0, 0. PBS 0.1 aOH
Bulk H* concentration (M) Bulk H* concentration (M)
(d)ﬁ 25 0.3 = (e) (i) H* “H %H,0 *N,
B £ Smaller cation Larger cation © 0 HER-favoured
120 < o AN, S 0 LB
8 . 2B /7w g { L e R, SN TR TSSIRIH
O 154 > - 1/"\»«‘ w»o;w\guy \? D\/ g ?x (’\‘0;’ ol i 7
£ 10 2 1o, 3 E«Ki H/ \y Lok H/O\ A " e 5NH,* 58 K+ ENRR-favoured
® = o 5 o I e By SN R SN N i (hydrated) N
2 —LAN\ P ATATATATTANSERIE I KR & 165 0E
g o o
T 00 _o OPEOPOOPE
= T T T z
Li* Na* K* Rb* Cs*
Cations 555
~8 (1 5
(g) NRR < . N;E > (h) : g§ 56 D;g (l) Weakonad Tanced O-H bond
a +—o— A =4 = . £ ‘eakene .
N A *’+ AL 1 H0 aeo— % Y b intramolecular o}
w &= 5 ¥ % & HB— &
BE ... A% B e N 2 | ¥ o [*e : A—
ST Fast— A 8, g RSuppressed RN &= = ' Inhibited dissociation
58 S8 NH, D40 |00 (Volmer step: HyO + &~ + *» H,q +
Limite AA Fast P~ -2 ©
L H @ = Oohy)
" el b ¥ B2 i 3 / Integlsified
= o4 Ul
L s "A A‘ L = 0 ) CT—?O & i 160 = intermolecular HB ~ Suppressed
. . + v
S-1-G Bulk Modified S-L-  Bulk M 120 = HER

interface solutio

n

solutio

n 0.04

interface 0.08

0.16

Interactions between methanol and water

032 064

Water volumetric content of methanol-water electrolyte (%)

Figure7 (a) Potential dependence of pore-averaged H* and N, concentrations at cathode surface. (b) NRR FE: Simulation vs. Experiment as a function of Ep. (a, b)
Reproduced with permission from Ref. [93], © American Institute of Chemical Engineers 2021. (c) NRR performance of Pd/C: NH; yield rate and FE at —0.05 Vg in
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(pH = 12.9) revealed that H,SO, and NaOH exhibited significantly
higher current densities than PBS electrolytes, indicating that
neutral electrolyte effectively suppressed the HER and improved
the selectivity of NRR. This suppression was attributed to higher
mass and charge transfer barriers in PBS, resulting in enhanced
ammonia yields at —0.05 Vg, where the FE in PBS reached 2.4%
compared to less than 0.1% in both H,SO, and NaOH.

Alkaline electrolytes also show promise in suppressing HER
and enhancing NRR. Singh et al. explored the effects of pH and
cations on NRR using Cu electrodes in alkaline conditions [95]
(Figs. 7(d) and 7(e)). When the pH value was adjusted from 13 to
14, the ammonia yield and FE first increased and then decreased,
and reached their maximum values at pH=13.5. As pH increased,
the increase in ammonia yield and FE may be due to a decrease in
NH; solubility and an increase in *H binding energy. Due to the
close binding between NH; and the electrode surface, the salt
precipitation effect led to a decrease in its solubility and the surface
coverage of NH;, providing more available active sites for NRR.
Meanwhile, the increase in *H binding energy led to a higher *H
surface coverage, resulting in a decrease in NRR active sites, which
may be the reason for the decrease in ammonia yield and FE at
pH > 13.5. Another reason for the decrease in FE may be that as
the concentration of OH- increased, H,O changed from H-down
to O-down at the cathode. O-down sites had a lower HER
activation barrier, thereby promoting the HER process at higher
pH. In addition, the role of alkali metal cations (Li*, Na*, K*, Rb*
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and Cs") in NRR was also investigated, revealing that ammonia
yield and FE increased from Li* to K, then decreased from K* to
Cs'. This enhancement in NRR from Li* to K* was linked to a
reduction in the hydration number of larger cations, increasing
the local electric field, which stabilized polar adsorbates. However,
the decline in performance from K* to Cs* was attributed to the
ease of water recombination in larger cation solvated shells,
facilitating electron transfer to water and promoting HER over
NRR. Yan et al. further demonstrated that using bismuth
nanocrystals and potassium cations could enhance NRR activity
and selectivity [96] (Fig. 7(f)). Increasing K* concentration in the
electrolyte from 0.2 to 1 M resulted in a significant increase in
NRR current density and FE, while HER current density
decreased. DFT calculations indicated that surface-adsorbed K*
ions reduced the AG for *NHH formation on Bi (012) and Bi
(110) surfaces. In addition, K* altered the surface electronic
structure of Bi, allowing more electrons to transfer to *NHH,
resulting in the elongation of N-N bonds and easier activation of
N,

In addition to aqueous electrolytes, organic electrolytes offer
another route for regulating NRR performance. Qiu et al
introduced a methanol-water electrolyte system to control local
proton concentration and the electrode-electrolyte microenviron-
ment [97] (Figs. 7(g)-7(i)). The electrode-electrolyte interface of
the methanol-water electrolyte system was different from the
traditional solid-liquid interface. The availability of water at the
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electrode-electrolyte interface can be controlled by adjusting the
water content of the methanol-water system. Meanwhile,
hydrogen bonding between methanol and water suppresses H,O
dissociation, thereby inhibiting HER while enhancing NRR
activity. Based on FeOOH/CNTs catalysts, the methanol-water
system achieved an impressive FE of 75.9% and an ammonia yield
of 2625 pgmg*h”, highlighting the potential of organic
electrolytes for NRR optimization. These findings underscore the
importance of electrolyte regulation, alongside catalyst design, in
mitigating HER and optimizing NRR efficiency for sustainable
ammonia production.

3.2.3  Electrocatalytic conversion of small organic molecules

With the continuous consumption of traditional fossil fuels and
their serious damage to the ecological environment, biomass and
its derived high value-added products have received widespread
attention. The conventional process route for producing platform
chemicals based on biomass usually involves extreme process
conditions. For example, the conventional process of converting 5-
hydroxymethylfurfural (HMF) to 2,5-furan dicarboxylic acid
(FDCA) requires reaction conditions of 100 bar high pressure and
300 °C [98]. On the contrary, electrochemical catalytic technology
has become a strong competitor to replace traditional production
routes due to its advantages of being able to react at room
temperature, atmospheric pressure, and low overpotential. Several
key biomass-derived molecules, such as 5-hydroxymethylfurfural,
methanol, and glycerol, have been successfully converted into
valuable chemicals like 2,5-furan dicarboxylic acid, 2,5-
di(hydroxymethyl)furan, and formic acid on a laboratory scale. In
these transformations, product selectivity is paramount, which can
not only be solved through catalyst design, but also by regulating
the electrolyte composition to affect the interface
microenvironment. Although significant progress has been made
in developing efficient catalysts, the systematic understanding of
how electrolyte components and the electrode-electrolyte interface
influence product selectivity remains limited. Based on this, in this
section we introduce some classic works on regulating the catalytic
reaction pathway and product selectivity of organic small
molecules through electrolyte anions and cations, and additives
(such as ionic liquids), aiming to provide insights and guidance for
the large-scale application of organic small molecule catalytic
reactions.

The electrocatalytic hydrogenation (ECH) of furfural (FF) to
produce furfuryl alcohol is a green and promising production
route, as it proceeds without external hydrogen or high pressure.
The “lonic effect” is a critical factor influencing electrocatalytic
activity and selectivity, as it directly modulates the electrode-
electrolyte microenvironment. Exploring the anionic effects in
buffer systems such as carbonates and phosphates (which are
widely used in ECH) is crucial for further elucidating the
interfacial microenvironment and optimizing ECH system design.
Zou et al. investigated the effect of anions on FF ECH in
potassium bicarbonate and PBS [99]. It was found that the ECH
current density using potassium bicarbonate electrolyte was
significantly higher than that using PBS electrolyte at —0.50 Vi,
with the former being 2.6 times higher than the latter. Tafel
analysis revealed that without FF, the HER and ECH pathways in
both electrolytes exhibited similar slopes (>120 mV-dec”),
consistent with a Heyrovsky-Volmer mechanism and comparable
hydrogen surface coverage. Upon FF addition, the Tafel slope in
bicarbonate decreased to ~120 mV-dec™, markedly lower than the
160 mV-dec™ in PBS, indicating faster hydrogenation intermediate
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accumulation in bicarbonate. When further using a rotating ring
disk electrode to quantitatively identify the effective current of
organic hydrogenation reactions, it was found that in the absence
of FF, the two electrolytes exhibited similar polarization curves.
However, after adding FF, the disk electrode showed stronger FF
ECH kinetics in potassium bicarbonate solution. The HOR
performance of the ring electrode in potassium bicarbonate was
significantly weaker than PBS, which confirmed that ECH was
more efficient in potassium bicarbonate and suppresses side
reactions. Subsequently, the use of ED Cu electrodes for
electrolysis of FF further confirmed the above conclusion. In the
range of —0.3 to —0.6 Vyy, the yield and Faraday efficiency of FF
in potassium bicarbonate solution remained above 90%, while the
optimal yield and FE in PBS were only 80% and 82% (-0.4 Vyyg).
By calculating the hydrogen production rate and optimizing the
FE composition during the electrolysis process, it was confirmed
that the main charge loss was due to the occurrence of HER. This
side effect was particularly significant in PBS. In addition, during
the first 60 minutes of the electrolysis process, the electrolysis
current in potassium bicarbonate rapidly decreased to 6 mA-cm?,
while the rate of current decrease in PBS was much slower. These
results fully demonstrated the completely different hydrogenation
processes in the two electrolytes. In order to gain a deeper
understanding of the essence of this anionic effect, operational
electrochemical impedance spectroscopy was conducted within
the range of 0 to —0.6 Ve The mid frequency region of the
impedance spectrum corresponded to the Volmer step of water
dissociation, which can be expressed as an intermediate
accumulation process. In the ECH system, the intermediate
accumulation process involves the generation of H* and the
specific adsorption of organic molecules. It was found that in
potassium bicarbonate solution, the Bode spectrum showed the
same trend with and without the addition of FF, indicating that
the organic adsorption process does not interfere with ECH. On
the contrary, in the ECH system of PBS, a second characteristic
peak appeared in the mid frequency region. Throughout the entire
potential range, this peak exhibited significant resistance to
intermediate accumulation processes, which indicated that the
adsorption behavior of FF on the electrode surface was different
from that of potassium bicarbonate system, and the
hydrogenation process in PBS exhibited slow and unfavorable
kinetic behavior. Further relaxation time distribution (DRT)
analysis showed that in PBS, the adsorption process of organic
molecules accounted for 50.1% of the entire intermediate
accumulation process, while in potassium bicarbonate, this
proportion was only 19.9%. This indicated that in the FF ECH
process, most of the impedance in PBS comes from organic
adsorption, while the influence of this process is relatively small in
potassium bicarbonate, that is, FF exhibits weak adsorption in PBS
and strong adsorption in potassium bicarbonate. Molecular
dynamics simulation and radial distribution function showed that
tighter molecular spacing and stronger hydrogen bonding in
potassium bicarbonate electrolyte induced electrophilic activation
of carbonyl groups in FF, while PBS exhibited electrophilic
inhibition of carbonyl groups in FF (Fig. 8(a)). Therefore, FF ECH
exhibited better kinetic characteristics in potassium bicarbonate,
while it showed slow ECH kinetics and severe HER in PBS.
Traditionally, cationic effects typically exist in cathodic
reactions. Cations accumulated in the inner Helmholtz layer
through electrostatic interactions can generate unique electric
fields and induce non covalent interactions to polarize and activate
reactants and intermediates. At the anodic potential, anions
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Figure8 (a) Schematic of the anionic effect for inducing FF adsorption behaviors and carbonyl electrophilic activity change in KHCO; and PBS. Reproduced with
permission from Ref. [99], © American Chemical Society 2024. (b) Scheme of the conventional ion effect and the cation intermediate interaction in the literature.
Reproduced with permission from Ref. [100], © Wiley-VCH GmbH 2021. (c) Proposed mechanism for selectivity control in the electrochemical SCILL for selective
oxidation. Reproduced with permission from Ref. [101], © Yang, T. Angewandte Chemie International Edition published by Wiley-VCH GmbH 2022.

occupy the inner Helmholtz layer, while cations typically exist in
the outer Helmholtz layer. Therefore, the influence of cations on
anodic reactions is usually small and rarely reported. However,
Gong et al. unexpectedly found that cations selectively interact
with downstream glycerol oxidation intermediates in the glycerol
oxidation reaction, significantly affecting the residence time and
oxidation ability of these intermediates on the electrode surface,
thereby regulating the selectivity of the final product [100]
(Fig. 8(b)). In the experiment, when the electrolyte changed from
potassium hydroxide to lithium hydroxide, the FE of formic acid
significantly increased from 64% to 81.3%. And the stability of
glycerol oxidation under lithium hydroxide conditions was
significantly enhanced, with only a slight decrease in FE and
accumulation of 275 mM formate within 6 hours, while FE in
potassium hydroxide electrolyte sharply decreased to 40%, which
indicated that lithium hydroxide had a significant unconventional
cationic effect on the oxidation of glycerol on Ni(OH),. From the
perspective of reaction pathways, glycerol oxidation is mainly
divided into two pathways: PCET (oxidation of alcohols to
aldehydes or carboxylic acids) and carbon chain breakage. Only
one pathway through the glyceraldehyde-glycol aldehyde
intermediate can theoretically produce 100% formic acid, while
other pathways can only produce 66.6% of the maximum FE.
Therefore, glycerol aldehyde, acetaldehyde, glycerol acid, and
ethanol acid were selected as glycerol oxidation reactants for
reaction pathway analysis. The results showed that compared with
lithium hydroxide, the Faraday efficiency of formic acid increased
by 17% and 15.3% respectively when glycerol aldehyde and
acetaldehyde were used as reactants in lithium hydroxide
electrolyte, while the carboxylic acid counterparts of glycerol
aldehyde and ethanol acid showed much lower cation effects, fully
indicating that aldehyde intermediates may be the determining
factor of selectivity. Further evidence using 1,2-propanediol as a
glycerol analogue confirmed that C-C cleavage indeed occurred
before aldehydes and carboxylic acids. Based on this, the author
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believed that in LiOH, glycerol oxidation preferentially undergoes
C-C cleavage to form aldehyde intermediates and ultimately
formate salts, while in KOH, it facilitates the oxidation of
aldehydes to form carboxylic acids. Using the pulse amperometry
method for transient dynamics research, it was found that the
current decay in lithium hydroxide was significantly higher than
that in potassium hydroxide, indicating a lower oxidation ability of
the surface adsorption substrate in the presence of lithium cations.
This delayed oxidation can create more time for nucleophilic
attack of hydroxide anions to cleave C-C bonds, which in turn
enhances the pathway for complete glycerol oxidation to formate.
In order to elucidate the interaction between cations and
intermediates, crown ethers 12-crown-4 and 18-crown-6 were
selected as chelating agents for Li and K cations (represented as C-
Li and C-K), respectively. It was found that the Faraday efficiency
of formic acid decreased significantly under C-Li conditions,
which may be attributed to fewer cation intermediate interactions
and limited diffusion supply of hydroxide anions. DFT
calculations indicated that the carbonyl or hydroxyl moiety is
attracted to the hydrated shell of the cation through hydrogen
bonding, which facilitates the adsorption of the other end on the
NiOOH slab. This cation intermediate interaction also weakens
the adsorption of aldehyde on the NiOOH surface, preventing
subsequent oxidation.

In the electrochemical conversion reaction of small organic
molecules, the yield and selectivity of the products are not only
affected by the anions and cations in the electrolyte, but also by the
electrolyte additive ionic liquid. Libuda et al. studied the effect of
ionic liquids on the electrochemical oxidation reaction products of
2,3-butanediol, revealing the important role of ionic liquids in
precise product control and selective enhancement [101]. For the
electrochemical oxidation reaction of 2,3-butanediol, the main
products are the singly oxidized acetoin and the doubly oxidized
diacetyl. Meanwhile, hydroxyl groups must be formed on the
electrode surface during the catalytic oxidation process. If the
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hydroxyl groups on the electrode surface are inhibited by the ionic
liquid, the reaction will also be inhibited. If there is a difference in
the blocking effect of two competing reactions, the product will be
altered. Based on this, the ionic liquid 1-ethyl-3-methyl-
imidazolium trifluoromethanesulfonate ([C,C,Im][OTf]) was
selected as an electrolyte additive. In this ionic liquid, [OTf]" not
only specifically adsorbs on the Pt (111) surface, but also its
coverage on the electrode surface changes with the change of
potential. The experiment utilized in-situ electrochemical infrared
reflectance absorption spectroscopy (EC-IRRAS) technology to
monitor the electrocatalytic conversion process of butanediol to
acetoin and diacetyl in the 0.05 to 1.1 Vyy potential range. In this
spectrum, the peak located at 1454-1458 cm™ belongs to 2,3-
butanediol and acetoin; The peaks at 1357-1362 and 1713-
1715 cm™ are respectively attributed to acetoin and diacetyl; The
peak at 1200 cm™ is a unique characteristic peak of acetoin. When
no ionic liquid was added to the electrolyte and the potential
exceeded 0.3 Vi a consumption peak of 2,3-butanediol was
observed at 1457 cm™ in the EC-IRRAS spectrum. Simultaneously,
peaks of diacetyl and acetoin formation appeared at 1713 and
1359 cm™. The most important feature was the appearance of a
characteristic peak unique to acetoin at 1200 cm™. As the potential
further increased, the peak intensity at 1200 cm™ reached its
maximum at 0.6 Vpyy and then decreased at higher potentials,
which indicated that acetoin was initially formed with high
selectivity and then further oxidized to diacetyl at potentials above
0.6 Vpyg. After adding the ionic liquid, the same spectral bands
were observed as before, indicating that butanediol was consumed
and converted into acetoin and diacetyl. However, the band
intensity was completely different. Firstly, the peak intensities at
1714 and 1359 cm™ representing the generation of diacetyl and
acetoin significantly decreased, indicating a decrease in the
catalytic activity of 2,3-butanediol reaction. At the same time, the
unique characteristic peak of the Chinese zodiac appeared
between 04 and 0.5 Vypye. And when the potential exceeded
0.6 Vg there is no sign of a decrease in peak intensity, indicating
that ionic liquids can effectively block the conversion of acetoin to
diacetyl, thereby significantly improving the selectivity of acetoin.
In order to gain a deeper understanding of the role of ionic liquids
in the catalytic reaction of 2,3-butanediol, the potential
dependence of ionic liquid adsorption on the electrode surface was
studied. It was found that the adsorption concentration of [OTf]-
on Pt (111) surface increased with the increase of potential, while
inhibiting the formation of hydroxyl groups on the electrode
surface. Based on this, the regulatory mechanism of ionic liquids
on the catalytic reaction products of 2,3-butanediol can be
expressed as follows: the oxidation of alcohol functional groups
requires co-adsorption of hydroxyl groups on the electrode surface
(Fig. 8(c)). As the potential increases, the adsorbed [OTf] coating
gradually increases, which not only reduces the activity of the
catalytic reaction of 2,3-butanediol, but also seriously hinders the
conversion of acetoin to diacetyl. However, it is accompanied by a
significant increase in acetoin selectivity, which is of great
significance for the large-scale preparation of intermediate
products in alcohol oxidation.

4 In-situ characterization technology

The electrode-electrolyte interface is central to all electrochemical
processes, as it governs the transport, adsorption, intermediate
conversion, product formation, and desorption of reactants.
During these processes, the EDL at the interface displays complex
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interactions, including covalent interactions between adsorbates
and electrode surfaces, electrostatic interactions between
electrolytes and metal surfaces, and non-covalent interactions
between adsorbates and electrolytes. To advance our
understanding of electrochemical reaction mechanisms, it is
crucial to decipher the dynamic evolution of intermediates and the
interplay of species at the electrode-electrolyte interface. A
comprehensive understanding of these interactions will enable
precise control of catalytic activity and selectivity in
electrocatalysis.

Current research primarily focuses on the selection and
optimization of electrode materials to regulate the adsorption or
desorption of key intermediates in rate-determining steps of
electrochemical reactions. This macroscopic approach, while
effective, lacks a deep understanding of the solid-liquid interface,
which is the core site of electrochemical reactions. A more
nuanced understanding of the electrode-electrolyte interface could
reveal strategies to regulate intermediate adsorption/desorption
not only through catalyst design but also by optimizing the
electrolyte. In an ideal electrochemical system, highly active and
selective electrode materials, combined with electrolyte conditions
that optimize the interface, would result in the most efficient and
clean catalytic process.

To achieve this level of insight, advanced in-situ
characterization techniques are essential (Fig.9). These methods
enable the construction of a dynamic and comprehensive picture
of electrochemical processes, from the far-field (micrometers
above the electrode surface) to the near-field (surface, subsurface,
and bulk regions). Particularly important are techniques that offer
high temporal and spatial resolution, which, when paired with
simulations, provide a more detailed understanding of species
interactions and dynamic behavior at the atomic level, guiding
further optimization of electrochemical systems.

4.1 In-situ characterization of far-field dynamic behavior

Unlike traditional ~scanning probe methods, scanning
electrochemical microscopy (SECM) is an established technique
for quantitatively tracking the electrochemical behavior of
substrates [102-105]. SECM relies on the measurement of current
at the tip of an ultramicroelectrode (UME), typically on the
nanometer to micrometer scale. Substrate electrochemical activity
disrupts the tip's electrochemical response, providing feedback on
substrate properties [106, 107]. With precise control over the
probe's position in the x, y, and z axes, SECM allows for detailed
studies of electrochemical behavior from the catalyst surface to the
far-field region. SECM can also be used to image and detect
chemical species at the electrode-electrolyte interface.

Common SECM modes include the generation/collection
(G/C) mode, which measures current at both the tip and substrate,
and the feedback mode, which collects tip current only. In G/C
mode, the tip generates reactants (R) at a set potential, while the
substrate is maintained at different potentials to react with and
detect R. In the tip-generation/substrate-collection (TG/SC) mode,
for example, the tip generates R while the substrate collects it,
whereas in the substrate-generation/tip-collection (SG/TC) mode,
the roles are reversed [108]. In feedback mode, the tip current is
influenced by the diffusion rate of R towards the electrode. When
the tip is positioned close to the substrate, the species generated at
the tip can diffuse back towards the electrode and be reduced,
increasing the tip current. The tip current is recorded as the tip
approaches the electrode surface, providing real-time tracking of
catalytic reaction kinetics at the electrode-electrolyte interface. At
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Figure9 In-situ characterization technology. Dynamic solid-liquid interfaces require multimodal in-situ characterization spanning far-to near-field scales.

Representative spectra and measurement schematics illustrate this approach.

the same time, the tip current can be recorded by scanning the tip
horizontally on the substrate surface, which can obtain a chemical
image of the interface morphology and reactivity. Benefiting from
its high spatial resolution and diverse patterns, SECM provides
convenience for in-situ monitoring of electrochemical reaction
kinetics [109-112].

42 In-situ characterization of

interactions

surface—electrolyte

Surface-electrolyte interactions in electrochemical processes
primarily involve the adsorption of ions and molecules, along with
dipole orientation at the interface, all of which depend heavily on
charge distribution within the EDL. Determining the pzfc is
therefore critical. The laser-induced temperature jump (LIT])
method, which includes constant charge laser-induced potential
transient (LIPT) and constant potential laser-induced current
transient (LICT) modes, is commonly used to measure pzfc
[113-115]. This method’s advantage lies in its short time scale,
and the adsorption of species (such as hydroxide groups, protons,
or anions) occurs at a very slow rate compared to EDL and solvent
reconstruction, so pure capacitive processes and faraday processes
can be decoupled [116, 117]. Considering the correlation between
pzfc and metal work function (¢), LIT] technology provides
valuable insights into the electronic and solvent structures at the
electrode-electrolyte interface as influenced by the electrolyte.
Other techniques, such as ambient pressure X-ray photoelectron
spectroscopy (AP-XPS) [118] and vibrational Stark spectroscopy
[119], have also been employed to investigate the pzfc of
electrodes. In-situ spectroscopic techniques, including infrared
spectroscopy (IR) [120-122], Raman [123-126], and ultraviolet-
visible (UV-vis) spectroscopy [127], provide molecular-level
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insights into the electrode-electrolyte interface. For instance,
attenuated total reflection surface-enhanced infrared absorption
spectroscopy (ATR-SEIRAS) offers high surface sensitivity by
detecting electrolyte regions within 5-10 nm of the electrode
surface. This technique is especially useful for analyzing the
potential-dependent orientation of water molecules, which is
sensitive to hydrogen bonding networks [128].

As a supplement to IR spectroscopy, Raman spectroscopy,
particularly UV-Raman, is  well-suited for studying
electrochemical reactions in aqueous media due to its minimal
water interference [129, 130]. In addition, due to the insufficient
sensitivity of traditional Raman spectroscopy to monitor low
concentration surface species at solid-liquid interfaces, surface
enhanced Raman scattering (SERS) has been fully developed,
where nanoscale features on metal surfaces or adsorbed organic
matter can induce signal enhancement of the order of 10°-10°
[131]. In 2010, the shell separation nanoparticle enhanced Raman
spectroscopy (SHINERS) was first reported, representing a further
improvement in SERS [132]. This technology requires the
synthesis of shell separated nanoparticles, and the SERS active core
is covered by an ultra-thin shell, which restricts contact with the
external chemical environment to prevent any direct catalytic
effects of the core [133]. In recent years, the development of tip-
enhanced Raman spectroscopy has also enhanced Raman
intensity and spatial resolution, and adsorbates can be monitored
using nano-resolution [134-137]. UV-visible spectroscopy is
commonly used to determine the d-d transition of transition
metal centers and charge transfer between metal-ligands [138].
Although UV visible spectroscopy technology has these
characteristics, monitoring the electrode electrolyte interface
remains challenging.
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In addition to the above methods, mass spectrometry (MS),
with its high sensitivity and exceptional selectivity, has been
extensively applied for quantitative analysis in electrochemical
systems [139]. Online fundamental electrochemical mass
spectrometry (EC-MS) was first established in the 1970s [140].
After decades of development, EC-MS technology has been
continuously updated and optimized [141,142]. In terms of
ionization of mass spectrometry, electron ionization and electric
spray ionization [143-145] are commonly used methods. Other
ionization technologies include thermal spraying [146], fast atomic
bombardment [147], flowing atmospheric afterglow [148], and
inductively coupled plasma [149]. In addition, more advanced
desorption electrospray ionization mass spectrometry (DEMS)
[150] and secondary ion mass spectrometry (SIMS) [151] have
been fully practiced in the analysis of electrode-electrolyte
interface. The combination of EC and MS can achieve real-time in-
situ monitoring of electrocatalytic reaction species at the molecular
level [152].

4.3 In-situ characterization of subsurface and bulk

X-ray techniques, including X-ray photoelectron spectroscopy
(XPS) [153-156], X-ray absorption spectroscopy (XAS)
[157-161], and X-ray diffraction (XRD), are powerful tools for
probing the subsurface and bulk regions of electrode-electrolyte
interfaces. XPS typically detects surface properties within a few
nanometers, while XAS and XRD provide insights into deeper
bulk phases. Techniques such as grazing incidence XRD and soft
X-ray spectroscopy have been further developed to explore near-
surface phenomena [162-165]. The advent of synchrotron
radiation has led to the development of advanced techniques like
X-ray emission spectroscopy (XES) [166-168], and resonant
inelastic X-ray scattering (RIXS) [169-171], which offer enhanced
resolution for studying electronic structures and catalytic states.

In addition to X-ray technology, in-situ liquid phase
transmission electron microscopy (TEM) is also one of the
subsurface and bulk detection techniques for electrode-electrolyte
interfaces [172-175]. In-situ liquid phase transmission electron
microscopy has an ultra-high energy electron excitation
source and elastic scattering of ultrashort wavelength electron
beams, so its detection depth can be from the surface to the body,
and it can track the dynamic changes in the morphology and
structure of catalysts during the electrocatalytic process
[176,177]. By combining electron diffraction and electron
energy loss spectroscopy, in-situ liquid phase TEM allows for real-
time tracking of dynamic changes at the electrode-electrolyte
interface [178].

5 Conclusions and perspectives

In this review, we elaborate in detail on the important influence of
electrolytes on the electrocatalytic reaction process from the
understanding of electrode-electrolyte interface and its model
development, the influence of electrolytes on the activity and
selectivity of electrocatalytic reactions and the development of in-
situ detection technology of electrode-electrolyte interface. For a
long time, research on electrocatalytic processes has mainly
focused on the design and development of high-performance
electrode materials, while the electrolyte environment that affects
the diffusion of reactant and product molecules, ion transport and
the adsorption and desorption of key reaction intermediates has
not been effectively studied. This review summarizes the published
results on the impact of electrolytes on the performance of various
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electrocatalytic reactions based on previous work. Starting from
the anions and cations that make up electrolytes, this review
elaborates on their promoting/inhibiting effects on reaction
activity and selectivity, and explores in depth the scientific theories
and mechanisms behind these effects, which aims to provide
reference for designing better and more matching electrolytes for
various electrocatalytic reactions, and also to provide guidance for
researchers who have just entered the field to quickly understand
the cutting-edge dynamics and development progress of the field.
Although preliminary research has been conducted on the
influence of electrolytes on electrocatalytic reactions, there are still
many aspects worth further investigation in the future. The
specific aspects are listed below.

() Theoretical calculations and simulations complement
experimental data by elucidating the mechanisms behind
electrochemical phenomena. Despite advances in computational
methods, significant gaps persist between simulated and
experimental results, primarily due to over-simplified models of
the electrode-electrolyte interface. This idealization distorts critical
interfacial properties—especially vital in electrocatalysis—which
are often overlooked. New computational strategies are urgently
needed to bridge theory and reality for key interfacial
characteristics like local pH, structure, electrolyte effects, mass
transfer, and conductivity.

(II) Understanding the dynamic evolution of the electrode-
electrolyte interface is crucial for electrolyte optimization and
enhanced electrocatalytic performance, necessitating in-situ
monitoring. Advancing the spatiotemporal resolution of
characterization tools is essential for atomic/molecular-level
insights into interfacial dynamics. Therefore, developing advanced
in-situ techniques—such as ATR-FTIR, MS, Raman spectroscopy,
and XPS—is imperative. These technologies enable atomic-scale
observation of the EDL’s distinctive characteristics and key
intermediates’ formation/desorption, driving breakthroughs in
fundamental theory.

(ITT) Current studies on electrolyte effects in electrocatalysis
predominantly use single-crystal electrodes rather than practical
electrode materials. Significant performance differences arise due
to structural disparities: Single-crystal systems exhibit ordered
lattices with predictable active sites, while practical materials (e.g.,
supported nanoparticles) feature complex, heterogeneous active
sites—including ~ defects and  functional  groups—that
unpredictably alter intermediate adsorption and reaction
mechanisms. Furthermore, their distinct electronic structures yield
divergent responses to electrolyte ions. Transitioning from model
systems to representative electrode materials is thus imperative for
universally applicable insights into electrolyte-catalyst interactions.

(IV) Designing efficient, stable electrolytes is critical for the long-
term operation of integrated electrochemical devices. Traditional
aqueous/organic electrolytes often suffer reduced conductivity and
stability under demanding conditions, hindering sustainable
operation and impeding commercialization. Thus, developing
advanced electrolytes—such as semi-solid systems, ionic liquids,
and hybrid formulations—represents a highly promising

approach.
(V) Electrolyte-catalyst matching is pivotal for maximizing
electrocatalytic performance. Current pairings often use

conventional electrolytes that sub-optimally align with electrode
materials, limiting catalytic efficiency. Thus, a holistic approach
integrating electrolytes, catalysts, and operating conditions is
essential. Future efforts must target tailored electrolyte
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design—optimized  for  specific catalysts and extreme
environments (e.g., high temperature, pressure, and acidity)—to
unlock peak system performance.

(VI) Integrating electrolyte effects with ionomer development is
critical for advancing electrochemical devices. Current research
focuses on electrolyte interactions in three-electrode systems,
neglecting device-level impacts. As ionomers enable catalyst
integration into functional devices, embedding performance-
enhancing electrolyte jons (cations/anions) within ionomer
structures offers a viable path to bridge this gap. Future work
should thus prioritize designing next-generation ionomers that
leverage electrolyte synergies to boost device performance.

(VII) Beyond electrolyte effects on activity/selectivity, their
impact on reaction stability remains unclear, largely due to
challenges in long-term in-situ monitoring of electrode-electrolyte
interfaces. Future research must prioritize decoupling degradation
mechanisms—especially under high current density—to
determine whether activity loss stems from material evolution or
electrolyte breakdown. Resolving this will clarify primary
degradation drivers and enable targeted stability optimization.
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