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Abstract: Microenvironment modulation, involving the selective adsorption of ions and the engineering of hydrogen
radicals, is critical for the neutral electrochemical reduction of nitrate to ammonia at high current densities. In this work,
self-adaptive low-valent indium single atoms SAs decorated copper-based nanosheets were investigated as a prototype.
The catalyst exhibits a maximum ammonia Faradaic efficiency (FExu3) of 99.36% and a high NH; yield rate of 29.02 mg
h~! mg.,..~! in neutral electrolyte. In-depth experiments and theoretical calculations suggest that the indium SAs optimize
the local electronic distribution of the derived Cu matrix through strong p-d orbital couplings, with the electron-relay effect,
thereby enhancing electron transfer and regulating the supply of hydrogen radicals to accelerate the hydrogenation process.
Furthermore, in situ Raman results and molecular dynamics simulations reveal that the indium SAs can act as solid-state
buffering sites by inducing a potential-dependent adsorption behavior of NO3;~ over SO,>~ as a supporting oxoanion in
the electric double layer, consequently maintaining high reaction activity and selectivity. Herein, the as-designed electrode
operates stably at 200 mA cm~2 for 150 h in a bipolar membrane electrode assembly electrolyzer with a FEny; of ~83%,

indicating promising practical applications.

J

Introduction

Ammonia (NHj;) is a vital feedstock in the industrial pro-
duction of fertilizers, synthetic fibers, and pharmaceuticals.['!
To date, industrial-scale NH; production still relies on the
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Haber-Bosch technology, an energy-intensive process charac-
terized by high temperatures and pressures, which is accompa-
nied by significant carbon dioxide emissions.[?! Furthermore,
the increasing levels of anthropogenic nitrogen fixation have
disrupted the natural nitrogen cycle on Earth, leading to
the accumulation of harmful nitrate (NO?~) contamination
in groundwater and posing significant environmental and
health risks. Recently, eco-friendly electrochemical nitrate
reduction reaction (NO3;~RR) has shown significant potential
for achieving sustainable NH; production and wastewater
purification at ambient conditions.’] Fundamentally, the
electrosynthesis of NHj3 is a complex proton-coupled electron
transfer cascade process involving eight electrons and water
dissociation to form adsorbed hydrogen radical (*H) in
neutral and alkaline medium, followed by the sequential
hydrogenation of adsorbed NO;~ and intermediates,!*! thus
requiring continued research into the advanced catalyst
design and meticulous microenvironment modulation.[!

The NH; yield rate and selectivity are primarily deter-
mined by the dynamic equilibrium between *H generation
and consumption, related to the coupling behavior with
nitrogenous intermediates or other *H in the NO; RR
processes.[®] For instance, benefiting from the highly occupied
d-orbital electrons, transition metal electrocatalysts have
been widely explored, especially for Cu-based nanomaterials,
which exhibit a superior affinity for NO;~ ions.”-'?) However,
this feature concomitantly enhances the *H binding, aggra-
vating the parasitic hydrogen evolution reaction (HER). In
this regard, p-block metal elements with weak *H binding
are investigated as hetero-dopants or modifiers to manipulate
the generation and coverage of *H over Cu-based catalysts,
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steering the specific hydrogenation pathway.['*] Nevertheless,
the effective dynamics control of the *H is still limited due
to the rapid consumption of NO;~ ions at high reaction rate,
resulting in severe concentration polarization of the electric
double layer (EDL).I'"*! Especially in neutral wastewater, the
NO;"RR is constrained by the weak adsorption affinity of
NO;~ ions due to the electrostatic repulsion at the electrolyte-
electrode interface and the coexisting competitive anionic
adsorption with the supporting ions,'® thus affecting the
kinetics and pathways of NO;~RR.['®] For instance, sulfate
(SO4%7) ions are common components in industrial effluents.
They are widely applied as supporting electrolytes in neutral
NO;"RR, which can induce negative ionic interference in
the space of the EDL. Currently, the synergistic regulation
of *H intermediate and the selective adsorption of NO3™~ in
microenvironments remains underexplored.

In this work, as a proof of concept, we first synthe-
sized p-block In single atoms (SAs) dispersed in ultrathin
cuprous oxide nanosheets (Cu,O-Ing, ) through in situ topo-
logical reconstruction of bimetallic coordination polymer
nanosheets. In a neutral medium using KNO; and Na,SOy,
the obtained catalyst can achieve a maximum NHj Faradaic
efficiency (FEnm3) of 99.36%, an NH; yield rate of 29.02 mg
h~! mg..~!, and excellent electrocatalytic stability over 30
cycles for the NO;~RR. In situ and ex situ experiments, as
well as theoretical calculations, highlight that the low-valent
In SAs, when decorating the oxide-derived Cu nanosheets
with strong p-d orbital couplings through self-adaptive recon-
struction of Cu,O-Ings, can enhance the electron transfer,
favor the supply of *H, and lower the energy barrier of
the rate-determining protonation step. Meanwhile, the in situ
Raman spectra and molecular dynamics (MD) simulations
confirm that the In SAs in the oxide-derived Cu matrix
can act as a solid-state buffer to effectively intensify the
interfacial adsorption of NO;~ ions by repelling the SO,>~
ions as the NO;~RR reaction proceeds with continuous NO;~
ions consumption, further ensuring the high efficiency of
ammonia production during the NO3;"RR. In this regard,
the as-obtained electrocatalyst can operate stably at 200 mA
cm~2 for 150 h by applying a bipolar membrane electrode
assembly electrolyzer with a sustained FEnys; of ~83%. It
can also be efficiently driven by a solar cell under sunlight
irradiation for NH; synthesis, demonstrating its promising
practical application potential.

Results and Discussion

Catalyst Synthesis and Characterization

The synthesis process of Cu,O-Ing, is illustrated in Figure 1a,
which involves a cation exchange reaction followed by an
in situ electrochemical reconstruction process. First, the 2D
indium coordination polymers (In CPs) nanosheets were
synthesized with bismuthiol I (C;H,N,S;) as ligand units
through a weak reductant-induced polymerization process
(Figure S1).1'] The In atom centers were then control-
lably substituted by Cu?* cations to synthesize the Cu-In
bimetallic coordination polymers (denoted as Cu—In CPs).
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The corresponding transmission electron microscopy (TEM)
image and energy-dispersive X-ray spectra (EDS) mapping
reveal the well-dispersed Cu, In, N, and S elements in
the Cu-In CPs nanosheets (Figure 1b). The atomic force
microscopy (AFM) image discloses a thickness of ~4.3 nm
for Cu-In CPs nanosheets (Figure S2). Afterward, the
In SAs embedded Cu,O nanosheets were synthesized via
electrochemistry-induced topological reconstruction of the
Cu-In CPs with ligand unit detachments. The Cu,O-Ingp
sample well maintains the 2D structure and exhibits apparent
transparency under electron beam irradiation (Figure 1c).
The AFM image confirms the ultrathin structure of Cu,O-
Inga with a thickness of ~4.0 nm (Figure 1d). To probe the
detailed structure at the atomic scale, an aberration-corrected
high-angle annular dark field-scanning transmission electron
microscopy (AC-HAADF-STEM) image was collected on
the Cu,O-Ings nanosheets (Figure 1e). The discerned lattice
spacings of 0.25 nm can be assigned to the Cu, O (111) facets.
Meanwhile, the brighter dots marked by red circles indicate
the presence of monodispersed In SAs.'8! Moreover, the
existence of isolated In atoms was further confirmed by the
profiles along the dashed rectangles in the AC-HAADF-
STEM image, where different atomic intensities are clearly
distinguished (Figure 1f). EDS elemental mapping images
also depict a homogeneous distribution of Cu, In, and O
atoms throughout the entire Cu,O-Ing sample (Figure 1g).

The component of bimetallic coordination polymer pre-
cursors can be modulated by controlling the degree of cation
exchange (Figure 2a). As revealed by Raman spectra, the
typical peak around 167 cm™, ascribed to the A,' vibration
of the In—S bond in In CPs, is decreased in In-Cu CPs; then,
this peak disappears, and the typical Cu—S signal at around
470 cm ! is generated in Cu—In CPs;'*?] afterward, the Cu—S
signal is intensified in the final pure Cu CPs (Figure 2b). The
corresponding scanning electron microscopy (SEM) images
of the samples reveal the well-maintained 2D structure of
the In CPs substrate with uniform element distributions
(Figures S3-S5). Meanwhile, the X-ray photoelectron spec-
troscopy (XPS) spectra of In 3d are weakened, left-shifted,
and eventually disappear with the progressive exchange of
Cu?* cations (Figure 2¢). In contrast, the Cu 2p spectra are
gradually intensified and shifted to the right (Figure S6). In
this way, the controllable Cu substitution in the structure
of the In CPs during the subsequent reconstruction process
provides the In atoms with tuned coordination environments,
which enables the construction of atomically dispersed In sites
in Cu-based nanosheets.

To monitor the structural reconstruction process of Cu-
In CPs in neutral media, in situ Raman spectroscopy
characterization was conducted. As the pretreatment time
increases, the decreased intensity of the Raman vibration
peaks ascribed to the stretch of v(C=N) and v(C-N) at 1370
cm~! can be observed (Figures 2d and S7), demonstrating
the gradual detachment of the ligand units of the bimetallic
coordination polymers. The characteristic peaks at 1347 and
1602 cm™! are assigned to the D and G bands of carbon
black,!*! which is introduced to enhance the dispersion and
conductivity of the precursors.[??! Simultaneously, the typical
Cu—S bond is gradually transformed into the characteristic
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Figure 1. Synthesis of Cu;O-Insa nanosheets. a) Schematic illustration of the synthesis process of Cu;O-Insa. b) TEM, HAADF-STEM, and the
corresponding EDS mapping images of the Cu—In CPs precursor. c) TEM, d) AFM, and e) AC-HADDF-STEM images of Cu;O-Insa. f) Corresponding
intensity profiles. g HADDF-STEM and the corresponding EDS mapping images of Cu;O-Insa.

Cu—O bonds at around 163, 427, and 628 cm™!, which
can be ascribed to the formation of Cu,O.[] Interestingly,
the peaks corresponding to the NO;~ ions and SO4>~ ions
gradually increased, indicating that the reconstructed Cu,O-
Inga structure is beneficial for adsorbing oxoanions, which
facilitate the subsequent reduction reaction.[’*] Moreover,
the depth-profiling XPS spectra of the Cu LMM Auger
region of the Cu-In CPs sample after pretreatment show one
strong signal at around 916 eV (Figure 2¢),[*! indicating the
formation of the Cu,O phase, in agreement with the in situ
Raman results.

X-ray absorption fine structure (XAFS) spectroscopy was
performed to unveil the atomic coordination environment
of In sites in the reconstructed Cu,O-Ings. The In K-
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edge X-ray absorption near-edge structure (XANES) spectra
indicate that the absorption edge lies between In foil and
In,0s, demonstrating the existence of positively charged In’*+
(0 < 8 < 3) in the Cu,O (Figure 2f).[?] The low-valent
feature endows the In SAs with amphiphilicity, owing to
the coexistence of vacant p-orbital and lone electron pair,
potentially acting as both a Lewis acid site and a Lewis
base site during the NO;~RR.[?’l The Fourier transform (FT)
extended X-ray adsorption fine structure (EXAFS) spectra
and the corresponding fitting results display a major peak
at around 2.09 A corresponding to the scattering of In—O
bonding and no scattering peaks for In-In metallic bonding
is detected (Figure 2g and Table S1), indicating that the In
species is in an isolated atomic state in the lattice of Cu,O
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Figure 2. Atomic structural and chemical states analysis. a) Schematic illustration of the gradient cation exchange strategy. Raman spectra (b) and In
3d XPS spectra (c) of In CPs, In-Cu CPs, Cu—In CPs, and Cu CPs. d) Contour plot of in situ Raman spectra for the reconstruction process of Cu—In
CPs into CuyO-Insa. e) Depth-profiling Cu LMM Auger spectra for Cu,O-Insa. In K-edge XANES spectra (f) and FT k3-weighted EXAFS spectra (g) of

Cuy0-Insp and reference samples. h) EXAFS wavelet transform plots.

nanosheets,?®! which is further confirmed by the Wavelet
transform plots (Figure 2h).

To further disclose the effect of the structural evolution
on the adsorption behavior toward NO;~ ions, the in situ
Raman spectroscopy over the Cu CPs, In CPs, and In-Cu
CPs precursors was performed under identical conditions.
For the Cu CPs, the bonds ascribed to Cu,O at around
163, 446, and 637 cm™! are generated, accompanied by the
detachment of the ligand units, demonstrating that the Cu
CPs precursor is reconstructed into Cu,O (Figure S8). The
corresponding depth-profiling XPS spectra of the Cu LMM
Auger region confirm the formation of Cu (+1) species
(Figure S9). Moreover, the negative shift of Cu 2p;, and Cu
2p1, peaks of Cu, O-Inga compared to the Cu, O counterparts
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implies the strong electron interaction between In SAs and
Cu,O (Figure S10).[°1 Besides, the reconstruction process of
Cu CPs also exhibits gradually enhanced oxoanion adsorption
corresponding to the NO;~ and SO4>~ ions, which is similar
to that of Cu-In CPs, suggesting that the derived Cu,O and
Cu,O-Ingp catalysts engender a larger number of adsorption
sites toward NOs~ ions. In addition, the In CPs and In-
Cu CPs precursors are reconstructed into amorphous InOy
and Cu-InOy, which are corroborated by the corresponding
in situ Raman spectroscopy and XPS results (Figures S11
and S12).°! Interestingly, the In-rich CPs show strong
adsorption peaks of SO,>~ ions before the reconstructions,
whereas no obvious Raman peaks of oxoanion are detected
over the derived InOy and Cu-InO,.’'! Therefore, the
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above findings suggest that the synergetic In/Cu sites with
specific chemical environments can potentially modulate the
adsorption behaviors and the interfacial concentration of the
oxoanions, which will be further explored and verified in
detail.

Electrocatalytic Performance of NO;~ RR

In the following, electrochemical NO3;~RR measurements
were conducted using a three-electrode system in an H-cell at
room temperature with a 0.5 M Na,SO, solution containing
0.1 M KNOs; as electrolyte. The products were quantified
by ultraviolet-visible spectroscopy (UV-vis) (Figures S13
and S14).2] The Cu,O-Insy sample and the other three
counterparts (i.e., InOy, Cu-InOy, and Cu,0) were evaluated
for the performance of NO;~RR to NHj. As depicted in
the linear sweep voltammetry (LSV) curves (Figure 3a), the
current densities of all samples are enhanced after adding
the NO;~ ions, suggesting that the NO3; RR is relatively
active compared to the competitive HER. Notably, the
increased current densities of Cu,O-Ings and Cu, O are more
pronounced than those of the InOy and Cu-InOy, suggest-
ing that affluent Cu sites are auspicious to the NO; RR.
Additionally, the Cu,O-Inga electrocatalyst exhibits higher
current density than Cu,O in the presence or absence of
NO;~ ions, demonstrating that the In SAs can enhance the
electrochemical NO3;~RR capability of Cu,O. As shown in
Figure 3b,c, the Cu,O-Insy sample also exhibits superior
Faradaic efficiency (FE) and yield rate for electrocatalytic
conversion of NO;~ to NH;. Specifically, at —0.8 V versus
RHE, Cu,0O-Inga presents a FEyp3; of 99.36% with an NHj;
yield rate of 23.37 mg h~! mg., ~!. Besides, an impressive
NH; yield rate of 29.02 mg h™' mg.,.~! can also be achieved
at —0.9 V versus RHE, with a FEN; of 95.60%. In addition,
the InOy and Cu-InOy counterparts exhibit much higher
NO,~ FE than the Cu,O and Cu,O-Ings (Figure S15),
suggesting that the affluent Cu sites are favorable for
triggering water dissociation to promote the *H formation
for hydrogenation of nitrogen-containing intermediates to
NH;.33] To investigate the effect of concentration and the
existing form of In species on the catalytic performance,
the physically mixed InO4-Cu,O sample and other In SAs-
related catalysts were further investigated (Figures S16-S20).
The residual and excessive InOy both deteriorate the activity,
indicating that the In SA catalyst with a built-in optimized
electronic structure is favorable for the NHj; generation.
Moreover, the double-layer capacitance (Cq) value of Cu,O-
Insa is measured to be 7.39 mF cm~2, which is superior to
that of Cu,O (4.18 mF cm~2), Cu-InO, (1.99 mF cm~?), and
InO, (1.20 mF cm~?) (Figures S21 and S22), indicating high
electrochemically surface areas and rich catalytically active
sites on Cu, O-Ingp .

Furthermore, the PN isotope labeling experiments were
implemented to certify the sources of the NH; product
(Figure 3d). The 'H nuclear magnetic resonance (‘H NMR)
spectrum of the product displays triple peaks when K'*NO;
is adopted as a reactant. The '"H NMR spectrum exhibits
double peaks of PNH,* in the case of KNOs as the
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feedstock, confirming that the detected NH; product comes
from the electrochemical NO;"RR process rather than the
contamination. Meanwhile, based on the NMR quantification
method of NH; (Figure S23), the value of generated
S’NH; from electrolyzing K’'NO;3 at —0.8 V versus RHE
is very close to the result measured by the UV-vis method
(Figure 3e), corroborating the reliability of the NH; produc-
tion measurements. To highlight the durability of Cu,O-Inga
for the NO;~RR, a consecutive cycling test was performed
(Figure S24). The Cu,O-Inssy can maintain a high FEyp;
and NH; yield rate with only slight fluctuations after 30
consecutive cycles. XPS analysis reveals that the signals in
the In 3d region exhibit no discernible shift, indicating the
stable chemical state of In SAs during long-term operation,
without the formation of metallic In aggregation (Figure S25).
In those regards, the overall performance of Cu,O-Ings ranks
in the top tier among the recently reported state-of-the-art
electrocatalysts for NO;~RR (Figure 3f; Tables S2 and S3).

To further demonstrate the large-scale application poten-
tial of the Cu,O-Inga electrocatalyst for ammonia synthesis,
we assembled the Cu,O-Ings electrode within a high-
throughput bipolar membrane electrode assembly (MEA)
reactor (Figure 3g). Specifically, we spray-coated Cu,O-Inga
on carbon fiber paper (CFP) as a cathode. We selected a
commercial NiFeO/Ni fiber as an anode. The potentiostatic
experiment was conducted with 0.5 M Na,SO, and 0.1 M
KNOs; as the catholyte and 1 M KOH as the anolyte. The
utilization of a bipolar membrane can prevent the crossover
of produced NHj to the anode from being re-oxidized again
under high current density (Figure $26).134] It is found that
the reactor can maintain a steady current density-time profile
at 200 mA cm~2 for 150 h with a high NHj faradaic efficiency
of ~83% (Figure 3h). Additionally, a photovoltaic-electrolysis
system for ammonia synthesis was also constructed through
the integration of a two-electrode setup and a commercial sili-
con solar cell (Figure S27a). The Cu,O-Inga cathode proceeds
electrocatalytic NO;~RR without observation of hydrogen
bubbles. In contrast, many oxygen bubbles emerge on the
surface of the coupled NiFeO/Ni fiber anode (Figure S27b,c).
Moreover, as indicated by the indophenol blue method,
ammonia production increases with prolonged reaction time
(Figure S27d). Therefore, the results demonstrate that the
Cu,0O-Ingp electrode possesses great potential for industrial
ammonia synthesis applications.

Mechanism Exploration

To study the real active species in the reductive process,
AC-HADDF-STEM analysis was conducted on the Cu,O-
Ings after the NO3; RR process at —0.8 V versus RHE.
The corresponding image reveals a typical lattice fringe of
0.21 nm, which can be ascribed to the (111) plane of metallic
Cu (Figure 4a).33%] Meanwhile, the brighter dots marked
by red circles demonstrate the well-maintained dispersion of
In SAs. Moreover, the TEM and elemental mapping images
reveal a well-sustained 2D nanosheet morphology and a well-
dispersed distribution of Cu and In elements (Figure S28).
The X-ray diffraction (XRD) pattern of Cu,O-Inga electrode
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Figure 3. Electrocatalytic performance of NO3~RR. a) LSV curves in an electrolyte of 0.5 M Na;SO4 with and without 0.1 M KNOs. b) Faradaic
efficiencies for NH3 (FEnps). ¢) NHs yield rates over the different samples (the error bars represent the standard deviations determined from three
independent experimental tests). d) "H NMR spectra of electrolytes after the reaction at —0.8 V (versus RHE) using 0.1 M >"NO3;~ and “NO; ™ as
nitrogen sources. €) The calculated FEnn3 and NHj3 yield rates using the NMR and UV-vis methods. f) Comparison of the NO3; ~RR performance of
the Cu,0-Insa with single-atom and Cu-based materials. g) Schematic illustration of NH3 electrosynthesis in a bipolar membrane electrode
assembly reactor. h) Time-dependent current density and FEyu3 over the CuyO-Ingp electrode.

after the NO;~RR displays the typical diffraction peak at 43°
corresponding to the (111) plane of the metallic Cu phase
(JCPDS n0.04-0836) (Figure S29).17] Therefore, these results
reveal that the Cu,O substrate is self-adaptively reconstructed
into metallic Cu nanosheets during the NO; RR process
(denoted as Cu-Ing,) (Figure S30). Likewise, the pure Cu, O
counterpart also undergoes a reconstructed process into
metallic Cu, as supported by the results of XRD and HRETM
(Figures S29 and S31). Furthermore, the local fine structure
of the In site in the Cu-Ings was investigated using XAFS
measurement. The In K-edge XANES spectrum of Cu—Inga
is exhibited in Figure 4b. The FT-EXAFS spectrum and cor-
responding fitting results display no In-In coordination bond
at around 3.2 A, suggesting that the In atoms maintain an

Angew. Chem. Int. Ed. 2025, €20730 (6 of 10)

atomically dispersed state without aggregation in the Cu—Inga
after the NO3;~RR process (Figure 4c and Table $4).[383]

To unveil the role of In SAs on the interfacial selective
adsorption behavior of ions during the NO3;~RR process, the
in situ Raman spectroscopy was conducted under different
applied potentials (Figure S32a). The Raman characteristic
peaks of the Cu,O matrix and the adsorption behaviors
toward NO; ™~ ions are well preserved from open circuit poten-
tial (OCP) to —0.7 V versus RHE. After further increasing
the applied negative potential, the relative intensity ratio
of vibration peaks associated with the adsorption of SO,*~
and NO;~ ions exhibits apparent inversion (Figure S32b).
The affinity toward SO,2~ generally remains stable for
the reported Cu-based catalysts as the potential becomes
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Figure 4. Insights into the NO3 ™ RR to NH3; mechanism. a) AC-HADDF-STEM of Cu;O-Insp after NO3™RR (i.e., Cu—Insa). b) The normalized XANES
at the In K-edge of Cu—Inga. ) FT-EXAFS fitting curve of Cu—Insa. d) Bode phase plots of Cu-Insa and Cu at varied potentials. €) PDOS of Cu—Insa. f)
Charge density differences of Cu—Insa (blue: electron accumulation; purple: electron depletion). g) Online DEMS measurements of NO3 ~RR over
Cu-Insa. h) Calculated free energy diagrams for NO3~RR. i) MD simulation of Cu-Insa in 0.5 M Na;SOy4 solution containing 0.1 M KNOj3. j) DMPO
spin-trapping EPR spectra for *H detection toward Cu—Insa with and without NO3 ™. k) Schematic diagram of NO3;~RR to NH3 process on Cu-Insa

and Cu.

increasingly negative.[*"] Here, the results demonstrate a
gradually pronounced NO;~ enrichment effect with SO,*~
repelling at the interface of electrode-electrolyte during the
NO;~RR process.'] Meanwhile, the Raman peaks belonging
to Cu,O disappear owing to its reduction to metallic Cu,
which is consistent with the above observations. The new
Raman peak, appropriately around 1505 cm~!, assigned to -
NH intermediate, appears with increased potential, verifying
the hydrogenation process.[*'l Moreover, it can be deduced

Angew. Chem. Int. Ed. 2025, €20730 (7 of 10)

that, from OCP to —0.7 V, the incompletely reconstrued
Cu,O-Inga with residual electronegative oxygen atoms could
induce a stronger electric field, which is beneficial for the
Coulomb attraction of SO,>~ with high localized charge
density. After self-adaptively reconstructing into Cu-Inga,
the In SA features a vacant p-orbital (Lewis acidity)
to adsorb/polarize NO;~ and acts as a lone-pair/electron
reservoir coupled to metallic Cu for electric field-guided
proton-coupled electron transfer, yielding higher and more
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stable NH; selectivity. For comparison, an analogous trend of
Cu, O phase reduced into metallic Cu phase is observed over
the Cu,O counterpart (Figure S33a). However, as negative
potentials are increasingly applied, the intensity ratio of
vibration peaks related to the adsorption of SO,*~ and
NO;~ displays slight changes (Figure S33b), implying that the
introduction of the low-valent In sites in the Cu matrix with
vacant p-orbital and lone electron pair can effectively tune the
dielectric microenvironment, thus enhancing the supplement
of interfacial NO; ™ ions.

The operando electrochemical impedance spectra (EIS)
were applied to explore the interfacial reaction kinetics of
NO; RR to NH; (Figure 4d). As a result, the Bode plots of
Cu-Ings with NO;3~ ions show smaller phase angles at low
frequency and more significant declined peak intensity com-
pared to those of Cu (derived from the Cu, O counterparts),
suggesting that the introduction of In SAs can accelerate the
*H consumption with NO;~ ions and enhance the interficial
charge transfer with intensified NOs;~ adsorption during
NO; RR.[! In the following, the density functional theory
(DFT) calculations are conducted to investigate the under-
lying NO3;~RR mechanism. The projected density of states
(PDOS) of Cu-Inga reveals a strong orbital overlap among
Cu 3d and In 5p orbitals (Figure 4e).[*?l More importantly,
as compared with pure Cu (Figure S34), the introduction of
In SAs induces much higher occupation near the Fermi level
(E) for Cu-Inss, which demonstrates a promoted electron
transfer in Cu-Ing, by the strong p-d orbital coupling,*!
aligning with the operando EIS results. As depicted by
the differential charge density of Cu,O-Inga with geometric
optimization (Figure 4f), more electrons are delocalized
around In SAs, illustrating that the In SAs regulate the local
electronic distribution of the Cu matrix to tune the electron
transportation and intermediate adsorption.[*] Moreover, the
quantitative assessment using Bader charge discloses that the
In center donates 0.34 electrons to the adjacent Cu atoms,
forming a unique polarized In-Cu pair.

To gain a more comprehensive understanding of the
reaction mechanism, online differential electrochemical mass
spectrometry (DEMS) was employed to monitor key interme-
diates and products (Figures 4g and $35).[*°1 It reveals the m/z
signals of 46, 30, 17, 16, 15, and 14, corresponding to *NO,,
*NO, *NH3, *NH,, *NH, and *N, respectively.[*°] Therefore,
the NO;~RR pathway can be proposed: the NO;~ is initially
adsorbed on the surface (¥*NOs), subsequently reduced to
*NO,; and *NO; then, the *NO is protonated into *N, *NHj,
and NHj as the final product. Based on the DEMS results,
we calculated the free energy of individual intermediates on
Cu-Ings and Cu (Figure 4h). The conversion from *NO to
*N is identified as the rate-determining step (RDS) for Cu—
Inga, characterized by a lower energy barrier of 0.993 eV. At
the same time, the RDS for Cu is the activation of adsorbed
NO;~ with a larger energy barrier of 1.829 eV, highlighting
the critical role of In SAs in promoting the kinetics of the
NO; RR process.[*”] Moreover, it is also indicated that the
introduction of In SAs can tune the electronic structure of
Cu-Ing, for favorable NO;~ adsorption and activation.

Based on the above experimental and theoretical findings,
molecular dynamics (MD) simulations were conducted to
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quantitatively analyze the dynamic behavior of NO;™ at
the interface of a Cu-Ings electrode with the electrolyte
in a neutral Na,SO, solution (Figure 4i).[*] The pure Cu
electrode was constructed as a comparison (Figure S36).
The resulting radial distribution function (RDF) curves show
a stronger interaction between Cu-Ingy and NO;~ than
that between Cu (Figure S37). The concentrations of NO5~
distributed on the Cu-Inss surface are higher than those on
the Cu surface. Meanwhile, the Cu—Ings can retard SO,2~
ions by creating a longer distance of SO,*~ accumulation
from the surface as compared to that from the Cu surface.
Furthermore, the Bader charge analysis reveals that NO;~
gains more electronic charge from the Cu-Ings surface than
SO,>~ (Figure S38), indicating a stronger interaction of
NO;~ compared to SO,>~.[*1 Those results further confirm
the critical role of the In sites in the Cu-based matrix
in selectively adsorbing NO;~ by repelling SO,>~ at the
electrocatalyst/electrolyte interface, thereby endowing the
Cu-Inga to act as a solid-state buffer that tunes the interfacial
ion equilibrium to maintain the high kinetics of the NO;~RR.

Afterward, the water adsorption and dissociation pro-
cesses are calculated, owing to the supply of the necessary
*H for NO;~RR (Figure S39).I°1 As a result, the Gibbs free
energy change for water dissociation on Cu (1.42 eV) is higher
than that of Cu-Inga (1.34 eV), implying that In SAs can opti-
mize the Cu matrix to improve water dissociation for more
*H supply in the subsequent hydrogenation processes.>’]
To obtain further evidence for the behaviors of active
hydrogen (i.e., *H), we conducted electron paramagnetic
resonance (EPR) measurements. The EPR spectra were
collected in 0.5 M Na,SO, with and without NO;~, utilizing
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as the agent for
trapping hydrogen radicals. As depicted in Figure 4j, after
adding NOs~ to the solution, the peak intensity significantly
decreases, suggesting that the produced hydrogen radicals are
efficiently consumed with nitrogen-containing intermediates
in the hydrogenation reactions.®! In this way, due to the
strong d-p orbital overlaps between Cu sites and In SAs, the
self-adaptive Cu-Ings system becomes favorable for NO;~
adsorption and activation, lowers the energy barrier of RDS,
promotes the water dissociation to facilitate *H supply for
supporting NO;RR activity (Figure 4k).

Conclusions

In summary, high-performance ultrathin In SAs-embedded
Cu-based nanosheets for the NO;"RR to NH; were con-
trollably synthesized via a facile topological electrochemical
reconstruction strategy. Combining operando experiments,
theoretical calculations, and MD simulations, it is found that
the low-valent In SAs decorated the self-adaptive Cu-based
nanosheet enable optimal local electronic distribution by
strong p-d orbital couplings, thus facilitating electron transfer,
accelerating *H supply, and lowering the RDS energy barrier.
Meanwhile, the In SAs endow the Cu-based species as a solid-
state buffer by strengthening the interfacial adsorption of the
NO;~ ion, while repelling SO,>~ supporting ions when the
NO;~RR proceeds continuously, thereby consuming NO;~
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ions and sustaining a high NO; RR kinetics. Therefore,
under neutral conditions, the electrocatalyst can achieve a
maximum FEny3 of 99.36%, a high NHj; yield rate of 29.02 mg
h~! mg.,. !, and excellent electrocatalytic durability over 30
cycles, which ranks the top tier among the recently reported
state-of-the-art electrocatalysts for NO;~RR. Besides, the
as-designed electrode can be operated stably in an MEA
electrolyzer at 200 mA cm~2 for 150 h with an average FEnpu3
of ~83%. It can also be effectively driven by a solar cell
under sunlight irradiation for NH; synthesis, demonstrating
promising industrial applications.
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