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ABSTRACT: The electrochemical nitrate reduction reaction (NO;RR) offers a promising R 2
solution for remediating nitrate-polluted wastewater while enabling the sustainable production » ° ®
of ammonia. The control strategy of surface-active hydrogen (*H) is extensively employed to e °
enhance the kinetics of the NO;RR, but atomic understanding lags far behind the experimental e / "‘*...o,.
observations. Here, we decipher the cation-water-adsorbate interactions in regulating the = @ o ® ® Corper
NO;RR kinetics at the Cu (111) electrode/electrolyte interface using AIMD simulations witha 8 ° ¢ o —"

slow-growth approach. We demonstrate that the key oxygen-containing intermediates of the \.‘w
" O

NO;RR (e.g,, *NO, *NO,, and *NOj;) will stably coordinate with the cations, impeding their ~*2-=2. o WP
integration with the hydrogen bond network and further their hydrogenation by interfacial ‘Q ®©
water molecules due to steric hindrance. The *H can migrate across the interface with a low » : ¢
energy barrier, and its hydrogenation barrier with oxygen-containing species remains unaffected o
by cations, offering a potent supplement to the hydrogenation process, playing the o

predominant factor by which the *H facilitates NO3;RR reaction kinetic. This study provides
valuable insights for understanding the reaction mechanism of NO;RR by fully considering the
cation—water—adsorbate interactions, which can aid in the further development of the electrolyte and electrocatalysts for efficient
NO,RR.

H INTRODUCTION important regulatory strategy that promotes the reduction
activity of NO;RR. Zhao et al. demonstrated a NiFe-layered
double hydroxide active phase on an iron surface, with
abundant *H participating in the NO;RR, achieving 90.3%
ammonia selectivity. The scavenger of *H by tert-butanol
obviously weakened the reaction kinetic.'* Similar results have
been reported on S-doped Cu,"> CeO,-Modified Cu,"® Ni,Cu
catalysts,'” and so on.”'®7** It is worth noting that the
regulatory role of *H in governing reactions has also garnered
significant attention across diverse electrocatalytic processes,”
encompassing CO, electroreduction (CO,RR),”* ">’ oxygen
reduction reaction (ORR),’”’' and nitrogen fixation
(NRR).32735

In a word, while the build-up and self-aggregation of H* are
the main contributors to HER, they also play a crucial role in
steering the kinetic of NO;RR. The overall reaction pathway of
NO;RR encompasses several intermediates and a multistep
hydrogenation process. For each intermediate *M, the
hydrogenation process includes two potential modes: one

Nitrate (NO;~) contamination, arising from the leaching of
various sources into the soil, is a widespread issue impacting
both surface water and groundwater and finally threatening
both human and environmental health." These factors create a
strong drive to seek out effective methods for nitrate removal.
Traditional biochemical denitrification methods frequently
prove ineffective, as they demand harsh conditions and
generate large amounts of sludge.” Due to the mild conditions
and high efficiency, the electrocatalytic reduction of nitrates
(NO;RR) has thus drawn widespread attention.’® Among the
various potential products, NHj; is the most pragmatic, as it is
an essential raw material for producing nitrogen fertilizers,
fibers, and more. Additionally, its production via the traditional
Haber—Bosch process consumes 1% of the world’s energy
annually.”™

Given that the NO;RR operates in aqueous solutions, the
hydrogen evolution reaction (HER) emerges as the inevitable
competing process, serving as the primary factor constraining
both the yield rate and the Faradaic efficiency of NH; '”'" The
hydrogen evolution reaction (HER) process involves the
generation of surface-active hydrogen (*H), also named as
Volmer step, and the following Heyrovsky step and/or Tafel
step to produce H,'>'* A higher interfacial density of *H
often consequently leads to more severe HER. Intriguingly, the
generation of *H is also experimentally considered to be an

Received: June 19, 2024
Revised: ~ September 13, 2024
Accepted: September 13, 2024

© XXXX American Chemical Society https://doi.org/10.1021/jacs.4c08256

W ACS Publications A J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shisheng+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinzhe+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong-Zhang+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haowen+Ding"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Pan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian-Feng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.4c08256&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08256?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08256?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08256?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08256?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c08256?fig=tgr1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.4c08256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
b C
3.0 15
a
251
124
‘ -
Y 4 E 204 -
o ! > 5
2 =
— ‘ L é 1.5 g
R | g of
* s 1.04 ~
’l 054 34
o 6 8 10 12 14 16 0 4
‘ Z coordination(A) -0.50 -0.25 Apo-?:m) 0.25 0.50
¥ d e
45 1
4.01

e

3.01
251 I o
= § -
; 0 213
Sy Count
2.0
2.0 25 3.0 35 4.0 45 0
d1 (A)

Figure 1. Adsorption configuration of *NO with one K* at the interface. (a) Scheme model of *NO adsorption on the Cu electrolyte/electrode
interface. (b) Water density along the z direction. The x axis begins from the top layer of copper. (c) Planar-averaged differential charge density of
*NO adsorption. Ap, = Pcurnomwat — Pouswa — Pno (d) Statistical results of the distances between the K* cation and the interface, as well as
between the K* cation and oxygen in *NO. The duration of the statistics is 10 ps. (e) ELF analysis of the interactions between *NO and the K*
cation. The color scale assigns the nondimensional ELF index, where red areas indicate pronounced electron localization. In contrast, blue areas
indicate electrons that are delocalized or regions characterized by very low electron density. Color code: Cu, brown; O, red; H, white; N, blue; K

purple.

involves the Eley—Rideal (ER) mechanism directly interacting
with the H,O (*M + H,O + e~ = *MH + OH™), while the
other follows the Langmuir—Hinshelwood (LH) mechanisms
via *H (*M + *H = *MH).'®***” The activation of oxygen-
containing species (*NO, *NO,, and *NO,) is often regarded
as the crucial step in NO;RR.**™* Certain DFT results
proposed that *H can effectively promote these steps through
thermodynamic calculations.'>'”"*" Nonetheless, these stud-
ies often overlook the interfacial solution environment,
especially the main components of interfacial water and
cations, thereby offering only limited insights. In an aqueous
environment, these oxygen-containing species readily integrate
into the hydrogen bond network formed by interfacial water,
theoretically facilitating the reduction of NO, via the ER
mechanism rather than the LH mechanism involving *H
participation. The coordination of cations with intermediate
may also influence the reaction kinetics, as proved in many
other electrochemical processes.”' ™" Thus, despite the
extensive use of the *H regulation strategy to improve the
activity of NO3RR, how it precisely promotes NO;RR at the
microscopic level remains a mystery, in particular, how do
interfacial water molecules influence the feasibility of the ER
and LH mechanisms? How is the competition between the LH
mechanism and HER? What role do cations play in this
process? These conceptual deficiencies significantly impede the

understanding of the NO;RR mechanism and rational design
of corresponding electrocatalysts.

In this work, we theoretically decipher cation-water-
adsorbate interactions in the NO;RR at the Cu (111)
electrode/electrolyte interface using ab initio molecular
dynamics (AIMD) simulations with a slow-growth approach.
The *NO hydrogenation, a key step in the NO;RR, is
investigated as a protocol to gain atomic insights. We
demonstrated that the cation will steadily coordinate with
the *NO due to its anionic characteristic, repelling the
surrounding interfacial water molecules, thereby hindering the
integration of *NO into the interfacial hydrogen bond network
and leading to a marked elevation in the energy barrier of the
ER mechanism. In contrast, *H generated from interfacial
water dissociation can migrate across the interface with a low
energy barrier, facilitating the progress of the LH mechanism
and suppressing the HER. This conclusion is generalized to
*NO; and *NO, intermediates. The limitation of the LH
mechanism primarily depends on the generation of *H, thus
explaining the widespread phenomenon observed in experi-
ments where accelerating water dissociation enhances NO;RR.
Based on these, we predict TiCu and CrCu single-atom copper
alloys as effective NO;RR electrocatalysts. Collectively, we
demonstrate a complete atomic mechanism of the cation-
water-adsorbate interactions in the electrochemical NO;RR.
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Figure 2. Analysis of interfacial water configuration and hydrogen bond connectivity. (a) Probability distributions of the angle between the vector
formed by the oxygen in *NO and the oxygen in water and the bisector of the water, named ¢. (b) Radial distribution functions (RDFs) between
the O atoms of *NO and the H atoms of water. (c) The average number of hydrogen bonds associated with the *NO in different models
throughout the simulation period. The criteria for hydrogen bonds are as follows: O—H—O angles >140° between an oxygen atom of the adsorbate
and a water molecule coordinating the former, with the distance between them <3.5 A0 The typical local structures around the *NO are
presented. The dashed lines indicate the hydrogen bonds. Color code: Cu, brown; O, red; H, white; N, blue; K purple.

B COMPUTATIONAL DETAILS

Copper is widely recognized as an excellent catalyst for
NO,RR.*7940449 The Cu (111) surface, which is stable and
more active under alkaline conditions,”® is selected as the
simulation model. The orthorhombic 8.96 A X 10.35 A Cu
(111) slab is constructed with a 35 A vacuum zone along the z
direction. 42 water molecules are added to the vacuum zone to
simulate the electrode—electrolyte interface. With the
introduction of a K" + e~ pair and an adsorbed *NO, the
interface exhibits a negative charge, yielding an electrode
potential of —0.61 V vs RHE (pH = 13), which roughly
corresponds to the operating potential for NO;RR reduction
on some copper-based catalysts.'”**

All the calculations were carried out using the density
functional theory (DFT) by the Vienna ab initio simulation
package (VASP) with the projector-augmented-wave (PAW)
The Perdew—Burke—Ernzerhof (PBE) functional
was utilized to describe electron exchange-correlation inter-
actions. Empirical Grimme’s D3 scheme was employed to
account for van der Waals interactions.”> The AIMD
simulations were carried out to investigate the dynamic nature
of interfacial water and cations. The slow-growth approach was
utilized to obtain the free energy profile for each reaction step

51
scheme.

with three independent simulations. More details are described
in the Supporting Information.

B RESULTS AND DISCUSSIONS

The reduction of NO;~ to NH; is a complex multielectron
process, involving numerous potential intermediate species.
*NO;, *NO,, and *NO are widely regarded as the most
important intermediates in this process.'' Prior research
suggested the hydrogenation of *NO is the plausible rate-
determining step on copper.4s’49’53 Therefore, we commence
our investigation with the analysis of the O-end adsorption
structure of *NO with one K" at the interface, namely, the “K'-
at-interface” model, as illustrated in Figure la. The N-end and
side-on adsorption structures are thermodynamically unstable
and, thus, are not considered (Figure S3). The distribution of
interfacial water was first analyzed (Figure 1b). A distinct water
peak is followed by an H-bond gap and then the water density
stabilizes around 1 g/ cm?®, similar to typical metal/water
interfaces.”*>> This indicates that *NO adsorption does not
significantly alter the interfacial water distribution along the z
direction. Partial surface charges will populate the antibonding
orbitals of *NO. The accumulation of charges on oxygen, as
evidenced by the differential charge density (Figure 1c),
induces a pronounced anionic character of *NO, which can
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Figure 3. Free energy for *NO hydrogenation. (a) Free energy diagram of *NO hydrogenation to *NOH by the ER mechanism with different
models. The typical initial state and transition/final local structures of K*-at-interface are presented. The transition and final states are quite similar
and thus only exampled by one structure. (b) Free energy diagram of *NO hydrogenation to *NHO by the LH mechanism with different models.
The typical initial, transition, and final local structures of K*-at-interface are presented. The dotted line is used to indicate the value of the energy
barrier. Color code: Cu, brown; O, red; H, white; N, blue; K purple; H proceeding the reaction, pink.

exert strong electrostatic attraction to the K* cation. Combined
with the electrostatic force from the negatively charged surface,
which helps to confine K* near the interface (Figure S1), the
K" will coordinate with the *NO. Figure 1d presents the
statistical results of the distances between the K cation and
the interface, as well as between the K" cation and oxygen in
*NO. It can be observed that for the majority of the simulation
time, K" cation remains quite close to the interface without
exhibiting a tendency to diffuse into the bulk solution.
Additionally, stable coordination is achieved between the K*
cation and the oxygen of *NO, with the distance almost always
less than 3.5 A. The ELF analysis (Figure le) is further
performed to confirm that the interaction between *NO and
K" is mainly mediated by a short-range electrostatic interaction
between the negative (oxygen) and positive charge (K')
centers. To quantify the interaction strength between K and
*NO, we employed the slow-growth method to calculate the
energy required for the detachment of K* from *NO, revealing
that the process necessitates overcoming an energy barrier of
approximately 0.30 eV (Figure S4). If the K* cation is placed at
a distance of S A from *NO, it can spontaneously escape the
solvated water cage and coordinate with *NO within several
picoseconds (Figure SS). Introducing a *OH at the interface,
which is possible in an alkaline environment, will not affect the
coordination between K* and *NO (Figure S6). Adjusting the
electrode potential by the constant potential method***” also
does not affect the coordination of K* and *NO (Figure S7).
The findings above indicate that the interaction between K*
and oxygen in *NO is stronger than that between water and
oxygen in *NO. The oxygen in *NO can readily integrate into
the solvation shell of K, forming a stable cation-adsorbate
local unit.

The hydrogenation of *NO can proceed via either the ER
mechanism or the LH mechanism, with the ER mechanism
being directly related to the configuration and distribution of
interfacial water. The oxygen in *NO exhibits anionic
properties, enabling it to form hydrogen bonds with the

interfacial water. If *NO integrates into the hydrogen-bond
network formed by interfacial water, it will be in closer spatial
proximity to protons in water, facilitating the formation of
*NOH. However, K* cation forms stable coordination with
*NO, which would exert a strong interaction on the
distribution of surrounding interfacial water due to its
electrostatic force. To investigate the impact of cation
coordination on the configuration of interfacial water, we
introduce the “K*-in-bulk” model in which K" is placed in the
bulk solution, maintaining a distance greater than 10 A from
the interface. This ensures that K* has no direct influence on
the interface and *NO but can still charge the system (Figure
S8). Under actual electrochemical conditions, there could be a
significant presence of cations at the interface.”® We introduce
two K* cations while maintaining the interface charge density
unchanged by double the unit cell area to simulate this
scenario, namely, the “2K'-at-interface” model. Two K+
cations will both coordinate with the *NO (Figure S9). The
distribution of the angle between the vector formed by the
oxygen in *NO and the oxygen in the water and the bisector of
the water (@) is then statistically analyzed (Figure 2a). The
results demonstrate that when K* is positioned in the bulk
solution, the distribution of ¢ is predominantly centered
around 125°. This implies that the OH bonds of water
molecules adjacent to *NO are directly oriented toward *NO,
thereby promoting hydrogen bond formation with *NO.
However, upon coordination between the K cation and *NO,
the distribution of ¢ exhibits a prominent peak at 60°,
accompanied by a noticeable reduction in the peak intensity at
125°. The greater the number of K' cations, the more
pronounced the peak at 60° becomes. This indicates that
partial OH bonds of water molecules adjacent to *NO are
oriented away from *NO due to the solvation effect of K7,
thereby hindering the formation of hydrogen bonds with *NO.
The radial distribution function and hydrogen bond statistics
quantified the above conclusions (Figure 2b,c). When K* does
not coordinate with *NO, the anionic properties of oxygen will
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Figure 4. Diffusion of *H and the generation of *H,. (a) Representative structures of initial, transition, and final state of *H diffusion and
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only the surface copper atoms are shown. Color code: Cu, brown; O, red; H, white; N, blue; K purple; H proceed the reaction, pink.

attract a large number of protons around it, resulting in an
average of 2.90 hydrogen bonds being formed. In contrast,
when one K* coordinates with *NO, the number of protons in
the first solvation shell of *NO significantly decreases, on
average forming 1.71 hydrogen bonds. The number of
hydrogen bonds further decreases to 0.09 when *NO
coordinates with two K* cations. Summarily, the coordination
of K* with *NO distinctly influences the configuration of
interfacial water, rendering it less inclined to approach *NO
and establishing a hydrophobic microenvironment around
*NO. Experimentally confirming the number of hydrogen
bonds may be achieved by the in situ spectroscopy
technology."”*”

Based on these qualitative understandings, the typical
interfacial water molecules around the *NO are selected for
evaluating the kinetic barrier of ¥*NO hydrogenation to *NOH
via the ER mechanism (*NO + H,0 + e~ = NOH + OH").
The computational results indicate that when K* cations are
not coordinated with *NO, the energy barrier for the reaction
is only 0.36 eV due to the abundant hydrogen bond network
connectivity. However, when one K' cation coordinates with
*NO, the hydrogenation process is apparently hindered,
leading to an increased energy barrier of 0.55 eV for *NOH
formation (Figure 3a and Figure S10). The activation energy
for *NO hydrogenation to *NOH via the ER mechanism will
dramatically increase to 0.98 eV with two K" coordination due
to the almost complete loss of water-adsorbate hydrogen bond
connectivity. The aforementioned findings suggest that the
coordination of the K' cation renders the ER mechanism
challenging, thereby leaving room for the LH mechanism to
proceed. Through the insertion of a surface *H at the interface
near the *NO, we calculated the energy variation for the LH
mechanism of *NO hydrogenation to form *NHO (*NO +

*H = *NHO). Intriguingly, the coordination of K* cation
scarcely affects the energy change of this process with reaction
barriers consistently around 0.7 eV in different models (Figure
3b and Figure S11), which can be attributed to the small dipole
of adsorbed *H atom results in a negligible electric field
dependence.”®> This also indicates that surface *H can
effectively enhance the NO;RR reaction kinetics, as the
activation barrier for the ER mechanism is highly likely to
exceed 0.7 eV due to the coordination of interfacial cations.
Notably, the formation of *NHO via the ER mechanism (*NO
+H,0 + e = *NHO + OH") and the formation of *NOH via
the LH mechanism (*NO + *H = *NOH) are both more
energetically difficult (Figures S14 and S1S) than the
previously mentioned pathways and are thus excluded from
detailed discussion.

As water molecules pervade the interface, the surface *H
may be distant from *NO, requiring *H to freely migrate at
the interface, a feasibility confirmed by the remarkably low
energy barrier at 0.20 eV (Figure 4a and Figure S16).
Additionally, *H may undergo the Heyrovsky reaction (*H +
H,O0 + e~ = H, + OH™) and the Tafel reaction (*H + *H =
H,) to produce H,, which is a major competing reaction in
NO;RR. However, energy calculation results reveal that the
energy barriers for these processes are as high as 1.25 and 1.02
eV, respectively (Figure 4b, Figures S17 and S18). As a result,
the hydrogen evolution reaction can be inhibited by the fast
diffusion of *H and the kinetically unfavorable Heyrovsky and
Tafel reaction.

A schematic diagram of cation-water-adsorbate interactions
to tune the *NO hydrogenation mode is presented in Figure
Sa. In real electrochemical conditions, *NO forms a stable
coordination with the K" cation, diminishing the connectivity
between *NO and the hydrogen bond network. Consequently,
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Figure S. (a) Schematic representation of the atomic mechanism elucidating the role of *H in regulating the NO;RR reaction kinetics. (b) Energy
barrier for the Volmer step on the MCu single atom alloys. The radial distribution functions between the O atoms of (c)*NO, and (d) *NO; and

the H atoms of water.

the energy barrier for the ER mechanism notably escalates. In
contrast, surface *H can diffuse across the interface with a low
energy barrier, avoiding the formation of hydrogen gas and
readily coupling with *NO to form *NHO. In short, the
coordination effect of cations impedes water from approaching
the adsorbed species while leaving the interfacial hydrogen
unaffected, offering a potent supplement to the hydrogenation
process of NO;RR by the surface *H via the LH mechanism,
even though the ER mechanism is not completely impossible.

Notably, the LH mechanism can proceed only if surface *H
can be formed. In alkaline environments, the generation of *H
is primarily achieved through water dissociation, also known as
the Volmer process (H,O + e~ = *H + OH™). The reaction
barrier of this step on copper is 0.95 eV (Figure Sb and Figure
S19), which implies that the generation of surface *H on pure
copper is challenging. The performance of copper for *H
generation can also be improved through alloying. Thus, we
investigated the kinetic energy barriers for water dissociation
on MCu (M = Tij, V, Cr, Mn, Fe, Co, Ni, Pt) single-atom
alloys. The results (Figure Sb and Figure $20) show that TiCu,
CrCu, FeCu, CoCu, NiCu, and PtCu are more energetically
favorable for water dissociation compared to pure copper.
Interestingly, FeCu,63 CoCu,lg’64 NiCu,'” and PtCu® were
experimentally reported to accelerate the NO;RR by *H
control strategy, which direct support our hypothesis. The

VCu and MnCu undergo the Volmer process with greater
difficulty compared to pure copper, and there are no related
experimental reports to the best of our knowledge. The TiCu
and CrCu are calculated to accelerate hydrolysis and have not
yet been experimentally studied, making them promising
NO;RR electrocatalyst candidates. We further investigated the
energy barriers for *H diffusion and the Heyrovsky reaction on
the Ti and Cr sites. The results show that the generated *H
can be easily released from the Ti and Cr sites and diffuse at
the interface with an energy barrier of 0.29 and 0.35 eV,
respectively (Figure S21), thus accelerating the NO;RR
process on other copper sites, even if themselves may not
necessarily serve as an active site for NO;RR.

Finally, we discuss the universality of the conclusions
presented in our work. At the electrochemical interface, cations
with strong positive charges are often a major component.
When there are centers with strong negative charges, such as
the oxygen in *NO, they naturally tend to bind with the cation.
Due to the intrinsic solvation capacity, cations exert a repulsive
force on hydrogens and an attractive force on oxygens in
surrounding water molecules. This organization of local
interfacial water molecules hinders the adsorbate from forming
hydrogen bonds with them, thereby reducing the efficacy of
water as a proton source for hydrogenation. To strengthen our
conclusions, we also analyzed the interactions of *NO, and
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*NO;—two other key species in the NO;RR process—with
K" cation (Figures S22 and $23). The results (Figure S24)
show that K" forms stable coordination with both of these
oxygen-containing species. After coordination, the number of
protons surrounding these species significantly decreases
(Figure Sc,d). The number of hydrogen bonds connected to
*NO, decreases from 1.84 when K" is in the bulk solution to
0.72 when it is coordinated, and the number of hydrogen
bonds connected to *NOj; decreases from 1.77 in the bulk
solution to 0.89 upon coordination. It can be expected that the
energy required for hydrogenation of these two species via the
ER mechanism will also uphill due to cation coordination.
Thus, the surface *H holds the potential to accelerate the
hydrogenation of these two species and boost the overall
reaction kinetics of NO;RR. The lack of oxygen in the
intermediate, such as *NH,, actually cannot coordinate with
the K" cation (Figure S25). The introduction of H;0" to
mimic acid conditions does not alter the coordination between
the K and *NO (Figure S26), which implies the proposed
mechanism may also be applicable under acid conditions.*®®”
Different sizes of cations (Li*,K*, and Cs*) can coordinate with
*NO, but large-sized cations will repel more interfacial water
molecules due to their space-occupying effect, resulting in
fewer hydrogen bonds formed on *NO and may impede the
hydrogenation kinetic via ER mechanism (Figure S27).

The surface *H regulatory strategy is also widely employed
by experiments in the field of CO,RR with the potential
mechanisms still not fully elucidated.”******”°® For example,
Yu and co-workers developed a tandem catalyst by integrating
a Cu—S,N;, site with Cu clusters.”® The Cu clusters in the
vicinity of Cu—S,Nj; accelerated the water dissociation and
thus provided *H for *CO, protonation.*® This could perhaps
be explained by the mechanisms that we proposed. When CO,
is adsorbed, it is believed to coordinate with cations,**™*'
which may inhibit its ability to undergo the ER mechanism due
to its unfeasibility to approach the water molecules. Therefore,
active hydrogen can assist in the hydrogenation of CO,
through the LH mechanism. Based on the above analysis, we
speculate that the mechanisms we demonstrated may be
pervasive in the field of electrocatalysis. This study also
highlights the importance of considering the suitability of alkali
metal cations as electrolytes in electrocatalytic hydrogenation
processes. While certain species’ activation may depend on
cation coordination, this coordination is inherently incompat-
ible with interactions between intermediates and protons in
interfacial water, illustrating the inherent duality of cations as
local charge centers. Achieving the optimal balance between
these two aspects is crucial for maximizing both activity and
selectivity. The adoption of electronically delocalized chain-like
molecules as electrolytes can facilitate the progression of
reactions when alkali metal cations are not necessarily required
for activating intermediates, as demonstrated in CO reduc-
tion.”” In the present work, we have mainly focused on the
cation-tuning effect on the interfacial water. Subsequent
research endeavors will delve into whether the presence of
cations facilitates specific steps in NO;RR, akin to CO,
activation in CO, reduction,”** as well as explore the cation
effect on the proton transport in the hydrogen bond
network.>*”

In conclusion, we have investigated the microscopic
mechanisms of cation-water-adsorbate interactions in regulat-
ing NO;RR kinetics at the Cu (111) electrode/electrolyte
interface using AIMD simulations with a slow-growth

approach. We have revealed that the cations will coordinate
with oxygen-containing species (e.g., *NO, *NO,, and *NOj),
hindering their incorporation into the interfacial hydrogen
bond network, thereby obstructing their hydrogenation
through the ER mechanism. Surface-active hydrogen, however,
can migrate across the interface with a low energy barrier, and
its hydrogenation barrier with oxygen-containing species via
LH mechanism remains unaffected by cations, as demonstrated
by *NO hydrogenation. Thus, it becomes a favorable pathway
for enhancing reaction kinetics. The LH mechanism is
primarily limited by interfacial water dissociation, and TiCu
and CrCu single-atom alloys are predicted to effectively
accelerate this process. We propose a new mechanism for the
understanding of the surface hydrogen-promoting effect by
comprehensively considering the cation-water-adsorbate inter-
actions at the atomic level, which provides useful insights into
the rational design of NO;RR electrocatalysts with desirable
activity.
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