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ABSTRACT: Electrochemical nitrate reduction (NO3RR) offers a sustainable
pathway for ammonia (NH3) production, yet its advancement is limited by a lack
of molecular-level understanding of interfacial reaction dynamics. Here, we
unravel a synergistic interfacial mechanism for rational catalyst design based on
cooperative interfacial modulation. By integrating in situ Raman spectroscopy
with multiscale simulations, we uncover a cation-mediated stabilization
mechanism of the key *NO2 intermediate on atomically defined Au single-
crystal surfaces. We demonstrate that electrolyte cations play a critical role in
modulating the local electric field and stabilizing *NO2 via interfacial
coordination, thereby controlling its interfacial reactivity and subsequent
transformation. Armed with this insight, we employ Sn heteroatom modification
to achieve dual-function optimization. The electronic interaction between Sn and
Au weakens *NO2 adsorption, lowering the hydrogenation barrier, while the altered interfacial water structure facilitates proton
transfer through a reinforced hydrogen-bond network. This synergistic modulation leads to enhanced NH3 selectivity and suppressed
hydrogen evolution. Our findings highlight a paradigm shift from an active-site-centric catalyst design to an integrated approach that
considers the entire electrochemical interface, where electronic, ionic, and solvent effects are concurrently tuned. This work provides
both molecular-level mechanistic insights and a generalizable strategy for designing advanced electrocatalysts for NO3RR and
broader proton-coupled electron transfer reactions.

■ INTRODUCTION
Excessive nitrate (NO3

−) accumulation in water bodies and the
fossil-driven production of ammonia (NH3) pose serious
environmental and energy challenges.1,2 Beyond its role as a
vital fertilizer, NH3 is gaining attention as a carbon-free energy
carrier for direct ammonia fuel cells (DAFCs), offering high
energy density and compatibility with existing infrastructure.3

Addressing both NO3
− pollution and clean NH3 synthesis

simultaneously has thus become a strategic objective in
sustainable nitrogen management, challenging the sustain-
ability of the conventional Haber-Bosch synthesis.4,5 Electro-
chemical nitrate reduction (NO3RR) offers a promising route,
enabling decentralized NH3 production under ambient
conditions while mitigating water contamination.6−8

Despite recent progress, achieving high NH3 selectivity and
activity at practical current densities remains elusive. The
NO3RR pathway involves intricate multistep proton−electron
transfers and the stabilization of short-lived nitrogenous
intermediates, such as *NOx species. Two fundamental
limitations prevail in poor stabilization of key intermediates
under negative potentials and sluggish hydrogenation kinetics
due to limited proton availability at the interface.9 Therefore,
unraveling the precise, multifaceted role of cations in

governing the NO3RR pathway, and leveraging that knowledge
for rational catalyst design, is a central goal.10

The overall NO3RR process is a delicate balance between
two competing yet sequential reaction types: deoxygenation of
N−O bonds and hydrogenation of the resulting nitrogen-
containing intermediates.11 The deoxygenation steps are
intricately linked to the adsorption energy and electronic
properties of *NOx species at the active sites. Conversely, the
hydrogenation steps are critically dependent on a steady supply
of active hydrogen (*H), typically derived from water
dissociation in aqueous media.12 This duality creates a
fundamental challenge that catalysts highly efficient for water
splitting often suffer from excessive *H coverage, which blocks
the adsorption sites for *NOx and favors the parasitic hydrogen
evolution reaction (HER).13,14 Consequently, achieving high
NH3 selectivity, especially at industrially relevant ampere-level
current densities, demands a sophisticated catalyst design that
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can synergistically orchestrate the kinetics of both deoxygena-
tion and hydrogenation.

Recent theoretical studies suggest that electrolyte cations
play a vital role in activating NO3

− by modulating the local
electrostatic environment.15 The strong electrostatic stabiliza-
tion from cations is indispensable for overcoming the repulsion
between the anionic NO3

− and a negatively polarized electrode
surface. Building on this, materials design strategies have been
developed. For instance, Sn-modified Pt/Pd surfaces have been
shown to stabilize *NO2 through electronic modulation, while
strain engineering in Cu/CuAu core−shell nanostructures is
reported to enhance the initial *NO3 activation.16,17 Other key
intermediates like nitric oxide (*NO) and nitroxyl (*NHO)
are also proposed to play crucial roles in orchestrating the
complex multistep hydrogenation cascade, yet their precise
roles and interactions remain debated.18 While these works
have advanced NO3RR efficiency by targeting specific N-
containing intermediates,19,20 a profound knowledge gap
persists. Direct experimental evidence capturing these inter-
facial effects at the molecular level, especially on well-defined
catalytic surfaces, remains scarce. Conventional studies using
polycrystalline electrodes or ex situ characterizations often
obscure intrinsic reactivity with surface heterogeneity and mass
transport limitations.21

Herein, we integrate in situ Shell-Isolated Nanoparticle-
Enhanced Raman Spectroscopy (SHINERS) with multiscale
simulations to unravel the NO3RR mechanism on atomically
flat Au single-crystal electrodes.22−24 We identify *NO2 as the
central reaction intermediate and reveal a previously under-
appreciated cation-stabilization mechanism that governs its
accumulation. Guided by this insight, we introduce Sn
heteroatom modification to simultaneously modulate elec-
tronic interactions and restructure interfacial hydrogen
bonding. This dual-function strategy enables efficient *NO2
hydrogenation and suppresses competing hydrogen evolution,

offering a generalizable framework for rational catalyst and
interface design.

■ RESULTS AND DISCUSSION
Elucidating the Interfacial Puzzle of NO3RR on Au

Single-Crystal. We began by evaluating the electrochemical
activity of NO3RR on atomically flat Au single-crystal surfaces.
The Au(hkl) electrodes were prepared by the Clavilier
method,25 a standard procedure for obtaining atomically flat
and well-ordered single-crystal surfaces. The atomic-level
flatness and long-range order of our primary model surface,
Au(111), were fundamentally demonstrated by Scanning
Tunneling Microscopy (STM) in Figure S21a. The quality
and long-range order of these surfaces were further
corroborated by their characteristic cyclic voltammetry (CV)
profiles in Ar-saturated 0.05 M H2SO4 (Figure 1b). The sharp,
well-defined voltammetric features are uniquely sensitive to the
atomic arrangement of the specific crystal facet and serve as a
reliable indicator of a high-quality surface. The well-resolved
surface features observed for Au(111), Au(110), and Au(100)
indicate excellent crystallinity and surface order, validating
these model electrodes as ideal platforms for probing intrinsic
interfacial behavior.26 Comparative linear sweep voltammetry
(LSV) in 5.05 M LiNO3 and LiClO4 electrolytes (Figure 1c)
shows that a distinct reduction peak emerges exclusively in
NO3

−-containing electrolytes (inset in Figure 1c). This
comparison serves as a critical control experiment, demon-
strating that the observed current is due to the reduction of the
NO3

− anion, as the electrochemically inert ClO4
− anion does

not produce a similar signal under these conditions. The anion-
specific nature of this process, along with the potential-
dependent production of NH3 and NO2

− (Figure 1d),
establishes a mechanistic basis for investigating key reaction
intermediates.

To directly probe the interfacial intermediates on Au single-
crystal surfaces in Ar-saturated LiNO3 electrolytes, we

Figure 1. NO3RR on LiNO3−Au(111) interface. (a) Schematic illustration of in situ SHINERS experiment. (b) CV of Au(hkl) in 0.05 M H2SO4
with the scan rate of 10 mV s−1. (c) LSV of Au(111) in 5.05 M LiClO4 and LiNO3 electrolytes. (d) Potential-dependent Faradaic efficiency (FE) of
NH3 and NO2

− on Au(111) in 5.05 M LiNO3.
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employed in situ electrochemical SHINERS. As illustrated in
Figure 1a and experimental section in the Supporting
Information, a monolayer of pinhole-free Au@SiO2 nano-
particles was assembled on the Au(hkl) surfaces (Figure 1a and
Figure S1). While at 0.2 V vs SCE, only the symmetric N−O
stretching mode of NO3

− at 1049 cm−1 was detected on
Au(111) in 5.05 M LiNO3 (Figure 2a).27 Upon cathodic
polarization to −0.1 V, a prominent Raman peak emerged at
1134 cm−1. The peak gradually red-shifted with decreasing
cathodic potential and was referred to as the 1130 cm−1 peak.
The intensity followed a volcano-shaped trend with potential,
peaking near −0.5 V and declining at more negative potentials.
This potential-dependent behavior indicates a transient
intermediate that accumulates and is subsequently consumed.
The peak intensity of the intermediate was normalized to the
intensity of the symmetric stretching mode of NO3

− (∼1049
cm−1) to account for any variations in signal collection
efficiency (Figure 2b). Notably, the evolution of this peak
closely matched the NO3

− reduction current and the NH3
production rate, strongly supporting its assignment as a
kinetically relevant intermediate. Similar behavior was
observed on all three low-index Au facets (Figures 2c,d),
underscoring its general significance.

We further examined the effect of electrolyte concentration
on intermediate stability over a wide range (from 0.10 to 22.22
M). A nonmonotonic trend was observed (Figure 2e and
Figures S8−S15). In both dilute (e.g., ≤1.00 M) and
superconcentrated (e.g., ≥13.89 M) LiNO3 solutions, the
1130 cm−1 peak was undetectable. However, the 1130 cm−1

peak emerged prominently at intermediate concentrations. The

relative intensity of this peak, normalized to the N−O
stretching band, reached a maximum at approximately 5.05
M, suggesting an optimal interfacial environment for stabilizing
the transient species.

Identification of the *NO2 Intermediate. To clarify the
origin of the 1130 cm−1 band, we performed a series of control
and isotopic labeling experiments. First, we examined potential
contributions from other common electrolyte anions using
LiClO4, LiCl, Li2SO4, and NaNO2 electrolytes under
equivalent concentrations (Figure 3a,b and Figures S2−S7).
In these systems, no signal was detected near 1130 cm−1. For
instance, the LiClO4 spectrum displayed a characteristic ClO4

−

peak at 933 cm−1 (Figure 3a), but no sign of the targeted
intermediate.28 Similarly, LiCl (Figure S2) and Li2SO4 (Figure
S3) electrolytes yielded no corresponding vibrational bands. In
contrast, the same 1130 cm−1 feature was observed in NaNO2
electrolyte, suggesting that NO3

− and NO2
− reduction may

proceed through a shared intermediate (Figure 3b and Figure
S7). Collectively, these results rule out Cl−, ClO4

−, or SO4
2− as

sources of the observed signal. The results strongly imply that
the 1130 cm−1 peak is a common N-containing intermediate in
both NO3

− reduction pathways.
To assess the involvement of solvent molecules, we replaced

H2O with D2O and observed no discernible frequency shift
(Figure 3c and Figure S4), ruling out contributions from
hydrogen atoms in water. Similarly, spectra obtained with
H2

18O experiments showed negligible shifts, excluding water-
derived oxygen from the vibrational origin (Figure S5). In
contrast, when using 15N-labeled Na15NO3 isotope (Figure 3c
and Figure S6), the 1130 cm−1 peak underwent a pronounced

Figure 2. In situ Raman spectra of potential-dependent intermediate evolution. (a) Potential-dependent intermediate evolution on Au(111), in
5.05 M LiNO3 tracked by SHINERS. (b) Normalized Raman intensities of peak 1128 ∼ 1134 cm−1 on Au(111) in 5.05 M LiNO3, plotted together
with LSV curve. (c) In situ Raman spectra on Au(110). (d) In situ Raman spectra on Au(100). (e) The Raman spectra of intermediate at − 0.3 V
on Au(111) in LiNO3 with varying concentrations.
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redshift to 1103 cm−1. This corresponds to an absolute
frequency shift (Δν) of 27 cm−1 and an experimental
frequency ratio (ν15N/ν14N) of 97.6%. This value is in
agreement with the theoretically predicted ratio of 98.2% for
an N−O stretching vibration based on the reduced mass in a
simple harmonic oscillator model,29 which further solidifies the
assignment. The isotopic shift unambiguously assigns the 1130
cm−1 peak to a N-containing vibrational mode.

Having identified the intermediate as a nitrogen oxyanion,
we turned to first-principles simulations to investigate its
molecular structure. During the NO3RR process, only the
*NO2 and *NO species satisfy the above-mentioned
conditions. Density functional theory (DFT) calculations of
the NO3RR pathway revealed that *NO2 is a key intermediate
formed from the initial deoxygenation of *NO3. This step
represents the primary thermodynamic barrier, which is
consistent with the accumulation of *NO2 observed in
Raman experiments at intermediate potentials, and therefore
is most likely to occur under these conditions.

We further performed ab initio molecular dynamics (AIMD)
simulations to calculate the vibrational density of states
(VDOS) of *NO2 and *NO at the interface. Our simulations
reveal that *NO2 adsorbs in a tilted geometry, with one oxygen
atom covalently bonded to the Au surface and also coordinate
with the hydrated Li+ ion (Figure 3d). The time-evolution
analysis confirms that this dual-interaction structure is stable
throughout the simulation (see Figures S18 and S19 for
details). This specific configuration, where the N−O bond is

simultaneously influenced by the surface and the cation,
weakens and polarizes its vibration. The resulting calculated
VDOS peak at 1184 cm−1 is in close alignment with our
experimentally observed peak at ∼ 1130 cm−1, providing
strong theoretical validation for its assignment.30 The AIMD
simulations were run for a sufficient duration to ensure proper
equilibration, as evidenced by the stable fluctuations of total
energy and temperature over time (see Figures S27 and S28).

To elucidate the origin of the nonmonotonic proton-
coupled electron transfer of the 1130 cm−1 peak, we examined
the interfacial behavior of *NO2 in varying electrolyte
environments. The cation-coordination effect also elegantly
explains the volcano-shaped dependence on electrolyte
concentration (Figure 2e and Figure S15). To investigate
whether the signal decline at superconcentrated conditions
(e.g., > 10 M) could be attributed to a mass transfer limitation
in the increasingly viscous electrolyte, we performed hydro-
dynamic voltammetry experiments. As detailed in the
Supporting Information (Figure S20), the reduction current
at 5.05 M shows negligible dependence on the electrode
rotation speed. This result provides strong evidence that the
reaction is not under mass transfer control. Therefore, the
observed decline in the *NO2 signal is not due to a limitation
in NOx supply. Instead, this reinforces our hypothesis that the
interfacial environment itself becomes suboptimal.

We propose that at superconcentrated conditions, factors
such as interfacial crowding and excessive Li+ screening
compress the electric double layer, disrupting the optimal

Figure 3. Identification of 1128 ∼ 1134 cm−1 peak. (a) In situ Raman spectra on Au(111) in 5.05 M LiClO4, (b) NaNO2. (c) Raman spectra of
H2O, D2O, H2

18O, 15NO3
− isotope experiments at − 0.3 V. (d) Calculated adsorption configuration of *NO2 on Au(111) surface.
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configuration required for effective *NO2 modulation and
leading to the downturn in the volcano plot. At intermediate
concentration (around 5.05 M), Li+ cations were found to
accumulate at the interface and interacted with interfacial
*NO2 species through directional electrostatic coordination.
This interaction enhanced *NO2 stabilization, resulting in a
strong vibrational signature consistent with experimental
observations. At low concentrations, the scarcity of Li+ in the
interfacial region led to insufficient stabilization of *NO2,
thereby diminishing its spectroscopic signature (Figures S8−
S10). Conversely, at superconcentrated concentrations, ex-
cessive Li+ screening compressed the electric double layer and
disrupted the optimal configuration required for effective
*NO2 coordination (Figure S14). These findings explain the
observed volcano-shaped relationship between LiNO3 concen-
tration and the 1130 cm−1 Raman signal, and highlight the
delicate balance between ionic strength and interfacial
structuring in NO3RR.

To gain deeper atomistic insights into the reaction
energetics, we performed DFT calculations for the mechanistic
pathways of NO3RR on the Au(111) surface. While our
spectroscopic results point to *NO2 as the dominant reaction
intermediate, it is crucial to acknowledge the complex nature of
the electrified interface. Mechanistically, other surface species
such as adsorbed hydrogen (*H) from the competing
hydrogen evolution reaction, as well as adsorbed oxygen
(*O) and hydroxyl (*OH) as byproducts of the initial N−O
bond cleavage, are inevitably present. The Gibbs free energy
diagram (Figure 4a), which accounts for the energetics of all
transient species including the spectroscopically unobserved O
and H participants, reveals the most thermodynamically
favorable stepwise mechanism. Crucially, our calculations
reveal that the subsequent first hydrogenation step, the
conversion of *NO2 to *NO2H, requires surmounting a
significant free energy change of ΔG = 0.35 eV. This
theoretically identified barrier provides a direct and compelling
rationale for our spectroscopic observations.31,32 At potentials
where NO3RR begins, the facile formation of *NO2 coupled
with its thermodynamic bottleneck hindered consumption
leads to the accumulation of this intermediate on the electrode
surface. As the applied potential is swept to more negative
values, this 0.35 eV bottleneck is progressively overcome,
promoting the conversion of the accumulated *NO2 and

driving the reaction toward NH3. Once this initial thermody-
namic barrier is surmounted, the subsequent hydrogenation
steps are largely downhill in free energy, proceeding rapidly via
the most favorable pathway (*NO → *NHO → *NHOH →
*NH). A detailed comparison of all calculated pathways is
presented in Figure 4a, confirming this is the lowest-energy
route. The final desorption of NH3 into the solution is also a
facile step (ΔG = 0.07 eV). This refined mechanistic insight,
where the bottleneck is the consumption of *NO2, not its
formation, provides a seamless integration of our theoretical
and experimental results.

To further validate this holistic model, we investigated the
effect of cation identity by performing experiments in Na+ and
K+ containing electrolytes (Figures S16 and S17). The results
revealed a similar *NO2 signal in 5.05 M NaNO3, with no
signal detected in 2.78 M KNO3. This trend is perfectly
rationalized by our two-stage model and the properties of the
cations. Li+, possessing the highest charge density among the
series, is superior in all aspects. It is effective at attracting NO3

−

and provides strong anchoring for *NO2 while most effectively
structuring the local water environment to gate its con-
sumption. These comparative findings firmly establish the
cation as a pivotal governor of the entire interfacial reaction
kinetics, orchestrating both the arrival of the reactant and the
turnover of the key intermediate.

Sn Heteroatom Modification and Interfacial Engi-
neering. The detailed mechanistic insights from the preceding
section pinpoint a central design challenge for advanced
NO3RR electrocatalysts. Achieving high efficiency requires
navigating the delicate kinetic balance of the *NO2
intermediate: its accumulation must be fostered, while its
kinetically demanding subsequent hydrogenation must be
facilitated. This presents a dual-requirement challenge: an ideal
catalyst surface must simultaneously (i) possess an optimized
electronic structure to favorably interact with the *NO2
adsorbate, and (ii) engineer the local solvent environment to
ensure rapid proton delivery. To address this challenge, we
hypothesized that a heteroatom modification strategy could
provide an elegant solution. We rationally selected Sn as a
strategic modifier, based on its known ability to both
electronically perturb noble metal surfaces and, as an oxophilic
element, to form a hydrophilic oxide layer capable of
fundamentally restructuring the interfacial water network.33−36

Figure 4. DFT-calculated reaction energetics of NO3RR on Au(111). (a) Gibbs free energy profile of the stepwise NO3RR pathway at pH = 7. The
free energy of each elementary step was calculated based on the computational hydrogen electrode (CHE) model. The calculations were performed
on a periodic Au(111) slab model. (b) Atomistic representations of key intermediates along the conversion sequence.
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We employ a Sn-modified Au(111) single-crystal electrode
(denoted as Au(111)-Sn) as a model system to test the
hypothesis. The electrode was prepared via irreversible
adsorption of Sn by immersing flame-annealed Au(111) in
0.1 M HClO4 containing 10−4 M SnSO4, followed by rinsing
with Milli-Q water and electroreduction at negative poten-
tial.37,38 We have conducted STM on a model Sn-modified
Au(111) (Figure S21b). The results clearly show the presence
of an amorphous Sn layer covering the Au surface, confirming
the formation of a Sn−Au heterostructure. The successful
modification was further confirmed by electrochemical and
spectroscopic characterization. The CV of Au(111)-Sn in 0.05
M H2SO4 revealed a distinct oxidation peak at 0.1 V, attributed
to the oxidation of Sn (Figure S22b), confirming the successful
deposition of Sn. Additionally, the HER onset potential shifts
negatively after Sn deposition, indicative of suppressed HER
activity (Figure S22a). In situ SHINERS further verified the
presence and chemical state of surface Sn species. Character-
istic Sn−O vibrational modes (450 ∼ 550 cm−1) emerge at 0.2
V in 1.00 M LiNO3 (Figure S23), confirming the oxidation of
Sn. These peaks were absent on pristine Au(111), while Au
oxidation occurred only at potentials >1.0 V, establishing the
formation of a stable Sn/Au(111) heterostructure within the
reaction window.

XPS analysis further elucidates the electronic nature of this
interface. The high-resolution Sn 3d spectrum indicates that Sn
exists predominantly in an oxidized Sn(IV) state on the surface
(Figure S25). Critically, a notable negative shift was observed
in the Au 4f peak (from 84.83 to 83.84 eV) upon Sn
modification, accompanied by corresponding O 1s features
(Figures S24 and S26). This provides strong evidence for

electron transfer from the Au substrate to the more
electronegative Sn-oxide overlayer. This charge redistribution,
which is dynamically tunable under reductive potentials,
directly alters the electronic properties of the catalyst surface.

The impact of Sn on reaction kinetics was directly observed
by in situ SHINERS. Compared to pristine Au(111), the
characteristic *NO2 Raman signal significantly decreased on
the Au(111)-Sn surface at equivalent potentials (Figure 5a),
indicating a reduced steady-state concentration of *NO2. This
suggests that Sn promotes faster *NO2 consumption, likely by
lowering the activation barrier for its hydrogenation to
*HNO2. DFT calculations support this view: Sn donates
electrons to the Au surface, lowering the local d-band center
and weakening *NO2 adsorption. This electronic modulation
facilitates *NO2 hydrogenation and enhances NH3 produc-
tion.39,40 Indeed, Au(111)-Sn exhibited a higher NH3 yield
with minimal NO2

− byproduct (Figure 5b), underscoring its
selectivity toward full reduction. Further mechanistic insights
were obtained via LSV in 5.05 M LiNO3 and LiClO4. In
LiClO4, Sn modification delayed the HER onset, confirming its
suppressive effect. In LiNO3, both Au(111) and Au(111)-Sn
showed positively shifted reduction potentials, but the Sn-
modified surface exhibited a more favorable onset, indicating a
synergistic enhancement of NO3RR activity and HER
suppression (Figure 5c).

Beyond electronic effects, Sn plays a crucial role in the
engineering of the interfacial solvation environment, as
revealed by in situ SHINERS analysis of the O−H stretching
region. Deconvolution of the spectra (3000 to 3800 cm−1)
identified three types of interfacial water molecules: H2O with
2 donors (H2ON=2) around 3200 to 3300 cm−1, H2O with 1

Figure 5. Sn-modification and interfacial H2O structure (a) Potential-dependent intermediate evolution at Au(111)-Sn in 5.05 M LiNO3 interface
tracked by SHINERS. (b) Yield rates of NH3 and NO2

− on Au(111) and Au(111)-Sn. (c) LSV of Au(111) and Au(111)-Sn in 5.05 M LiClO4 and
LiNO3. (d) Raman spectra of the O−H stretching mode of interfacial H2O on Au(111) and Au(111)-Sn at −0.6 V. Gaussian fits of H2O with 2, 1,
and 0 donors are shown in blue, pink, and orange, respectively.
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donor (H2ON=1) around 3300 to 3500 cm−1 and H2O without
any donor (H2ON=0) above 3500 cm−1. Sn modification
increased the proportion of both H2ON=2 and H2ON=1 (Figure
5d), indicating a more structured and proton-conductive water
network. As a result, the proton-coupled electron transfer steps
crucial for hydrogenation were accelerated.41−44 This rear-
rangement enriches the interface with ion-interacted water
molecules, forming a “proton superhighway” that facilitates
rapid proton delivery to surface-bound intermediates, essential
for deep reduction.45,46 A more ordered water network is
known to be more proton-conductive, accelerating the proton-
coupled electron transfer (PCET) steps, such as the kinetically
limiting *NO2 → *NO2H hydrogenation, by facilitating rapid
proton delivery to the surface-bound intermediates. Beyond
simply acting as a proton conduit, this highly organized
hydrogen-bond network can also actively mediate interactions
between coadsorbed species. As recently highlighted,47,48 the
interfacial hydrogen-bond network can mediate long-range
interactions between adsorbates. At the significant coverages of
*NO2 observed in our study, lateral repulsive forces between
adjacent *NO2 species could be substantial. The more ordered
water layer induced by Sn can act as an effective dielectric
spacer, screening these repulsive interactions and stabilizing
the adsorbate layer. This effect would further lower the overall
energy barrier for the reaction, working in concert with the
enhanced proton delivery.

In essence, the Sn-modification strategy transitions the
system from one passively influenced by the double layer to
one actively controlled by a coengineered, static-dynamic
interface. The superior performance, including the more
favorable NO3RR onset and suppressed HER and enhanced
NH3 selectivity, is the direct outcome of this engineered
synergy. This demonstrates a powerful design principle where
the catalyst surface acts as an active scaffold to co-organize
both the interfacial solvent and cations, enhancing the function
of the entire interfacial system.

■ CONCLUSIONS
In summary, we have uncovered the pivotal role of the *NO2
intermediate in governing the kinetics of electrocatalytic
NO3RR to NH3 on Au single-crystal surfaces. Through a
combination of in situ SHINERS and multiscale simulations,
we identified *NO2 as the central intermediate stabilized by
electrolyte cations, and further revealed it as the kinetically
critical step in the overall reaction pathway. Guided by this
mechanistic insight, we introduced Sn heteroatom modifica-
tion as a dual-function strategy to optimize both electronic
interactions and interfacial solvation. Sn modulates the local
electronic structure to weaken *NO2 adsorption and
simultaneously restructures the interfacial hydrogen-bond
network to enhance proton-coupled electron transfer. These
effects synergistically promote *NO2 hydrogenation and
suppress competing HER, enabling high NH3 selectivity and
reaction efficiency. This work demonstrates a comprehensive,
molecular-level picture of the NO3RR mechanism on Au
surfaces. We have moved beyond a static picture of active sites
to an integrated approach that considers the entire electro-
chemical interface, where atomic-scale electronic tuning is
coupled with molecular-scale solvation control. Our central
conclusion is that electrolyte cations act as pivotal kinetic
modulators, and this insight directly enabled the rational
design of a Sn-modified surface that enhances performance by
creating a coengineered interfacial system. This study not only

advances the understanding of nitrate reduction but also
champions an integrated, mechanism-driven research paradigm
that will be crucial for the future design of highly efficient
catalysts for a wide range of complex electrochemical reactions.
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