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Electrochemical conversion of nitrate (NOs~) pollutants into chemical feedstock and fuel ammonia
(NHs) can contribute to sustainable mitigation of the current severe energy and environmental
crises. However, the electrocatalytic NOs™ reduction to NHs (NRA) involves a sluggish multielectron
and proton transfer process that competes with the hydrogen evolution reaction (HER) in aqueous
media, imposing great challenges in developing highly selective catalysts for NRA. In this study, we
developed a copper and copper-tetracyanoquinodimethane composite catalyst (Cu@CuTCNQ),
which possesses a high density of copper vacancy defects. This catalyst has been proven to be effi-
cient for NRA through an in situ electrochemical reconstruction method. The structural evolution of
CuTCNQ during NRA was investigated by in situ Raman spectroscopy, which indicated an acceler-
ated charge transfer from the CuTCNQ substrate to the derived Cu, which facilitated the adsorption
activation of NOs™. The obtained Cu@CuTCNQ exhibited an excellent catalytic performance for NRA,
with a Faradaic efficiency of 96.4% and productivity of 144.8 pmol h-! cm-2 at -0.6 V vs. a reversible
hydrogen electrode, superior to Cu nanoparticle counterparts and most Cu-based catalysts. Cu va-
cancy defects and sufficient interfacial charge transfer synergistically optimize the charge distribu-
tion of Cu active sites, reduce the energy barrier for NOs™ adsorption, and promote deoxidation and
hydrogenation processes, thus enhancing NRA and selectivity.
© 2023, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

riculture and improper discharge of industrial and domestic
wastewater, has led to excessive accumulation of nitrate (NO3")

In recent decades, unrestricted anthropogenic interference, pollutants in surface and groundwater, which has caused an
including nitrogen fertilizer loss from over-fertilization in ag- imbalance in the global nitrogen cycle and directly threatens
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human health and ecosystems [1-3]. The electrochemical con-
version of NO3™ pollutants into chemical feedstocks and fuels,
such as ammonia (NH3), using electricity from renewable
sources such as solar and wind power is considered a promis-
ing approach to alleviate these issues [4-9]. Compared to the
current Haber-Bosch method for the large-scale industrial
synthesis of NHs, this electrochemical method can address is-
sues related to energy-intensive and harsh operations, by cou-
pling with renewable energy sources [10-13]. However, a
highly selective electrocatalytic NOs~ reduction to NH3 (NRA)
involves multistep proton and electron transfer reactions,
which remain as significant challenges for practical applica-
tions [14,15]. Therefore, it is crucial to engage in rational de-
sign and preparation of highly efficient catalysts.

Currently, Cu is being investigated as a promising
non-noble-metal catalysts for the electroreduction of NO3~
[16-18]. However, bulk polycrystalline Cu typically exhibits
low NHs selectivity, with a concurrent competitive hydrogen
evolution reaction (HER) [19]. To address this challenge, vari-
ous strategies have been reported to design efficient Cu-based
catalysts for NRA, including morphology modulation, interface
construction, tandem effect, alloying effect, and built-in electric
field [20-26]. In recent years, in situ characterization tech-
niques have undergone rapid development, enabling the ob-
servation of the structural evolution of the catalysts during
electrolysis. These techniques have also facilitated the verifica-
tion of the roles of new highly active phases and local struc-
tures generated in situ, such as strain, vacancies, and crystal
facets, in triggering efficient catalytic reactions [27-29]. Gener-
ally, defective sites not only exhibit exceptional electronic
properties but also adjust the electronic structure of adjacent
atoms to form new synergistic coordination structures. Thus,
the optimal performance of these defect-rich materials was
obtained by enhancing the chemical adsorption and altering
the energy barriers of the intermediates. These materials have
been widely applied in many electrocatalytic reactions such as
the OER, ORR, and COzRR [30-33]. The construction of met-
al-vacancy defect-rich catalysts by structural evolution is an-
ticipated to significantly enhance NRA. However, the influence
of metal surface defect engineering on electrocatalytic reac-
tions has not been extensively explored, and the associated
reaction mechanism remains unclear [34,35]. Therefore, eluci-
dating the effect of vacancy defects on NRA and reaction
mechanism is important for the development of efficient cata-
lysts for NRA.

The advantages of the metal-organic semiconductor cop-
per-tetracyanoquinodimethane (CuTCNQ) include its conduc-
tive behavior, charge transfer properties, and ease of recon-
struction to form active Cu nanoparticles under reaction condi-
tions [36,37]. Here, the Cu* ions in CuTCNQ complexes were
partially reduced to vacancy-defect-rich Cu nanoparticles by a
facile electroreduction reconstruction approach and distribut-
ed uniformly on the remaining reconstituted nanoscale
CuTCNQ, giving rise to a highly active Cu@CuTCNQ composite
catalyst for NRA. The obtained Cu@CuTCNQ displayed encour-
aging NRA performance, achieving a maximum NH3 Faraday
efficiency (FE) of 96.4% and productivity of 144.8 umol h-!

cm-2 at -0.6 V, relative to that of a RHE, but better than that of
its Cu nanoparticle counterpart. The electrochemical recon-
struction of the CUTCNQ microstructures was further charac-
terized using in situ electrochemical Raman spectroscopy.
Based on the identification of authentic catalytic sites, interme-
diate products were detected using online differential electro-
chemical mass spectrometry (DEMS), and the reaction path-
ways were deduced using density functional theory (DFT). The
results showed that the introduction of Cu vacancies enhanced
NOs3~ adsorption, thereby altering the potential-determining
step (PDS) of the electrocatalytic process. This modification led
to a reduction in the reaction barrier and inhibited the com-
peting hydrogen evolution reaction, resulting in high NHs se-
lectivity. This study presents a simple in situ reconstruction
strategy to construct efficient NRA catalysts with abundant
metal vacancy defects and provides a fundamental under-
standing of the vacancy defect-dependent activity relationship.

2. Experimental
2.1. Chemicals

7,7,8,8-Tetracyanoquinodimethane (TCNQ, 98%), cuprous
iodide (Cul 99.95%), and N,N-dimethylformamide (DMF,
99.5%) were acquired from Shanghai Aladdin Biochemical
Technology Co. Ltd. Acetonitrile (CH3CN, 99.9%, H20 < 50
ppm), dried with molecular sieves, was obtained from Beijing
Innochem Technology Co., Ltd. Sodium formate (HCOONa, =
99.0%) and copper acetylacetonate (Cu(acac)z, 97%) were
purchased from Sigma-Aldrich. Deionized water was obtained
from a Milli-Q water integrated system (18.2 MQ-cm).

2.2.  Preparation of CuTCNQ and Cu nanoparticles

2.2.1. Synthesis of CuTCNQ powder

In a typical procedure, a 15 mmol L-1 Cul acetonitrile solu-
tion was quickly added to a 10 mmol L-1 TCNQ acetonitrile
solution [38]. To prevent photodecomposition of TCNQ, the
mixed solution was stirred in the dark for 10 min. The entire
process was performed under an argon atmosphere at room
temperature. The resulting dark blue powder of CuUTCNQ was
collected by filtration, washed with acetonitrile (three times),
and dried in an oven at 60 °C.

2.2.2. Synthesis of Cu nanoparticles (NPs)

Cu NPs with well-defined crystal structures were synthe-
sized using a facile solvothermal method [39]. Cu(acac): (50
mg), HCOONa (100 mg), and DMF (10 mL) were successively
added to a 38-mL pressure vessel and sealed. The homogene-
ous solution obtained was subsequently heated from ambient
temperature to 160 °C using an oil bath and maintained at this
temperature for 20 h. Subsequently, the final maroon product
was collected by centrifugation and rinsed three times with
deionized water.

2.2.3. Fabrication of Cu@CuTCNQ electrode
The Cu@CuTCNQ composite was constructed by the in situ
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electrochemical reduction reconstruction of the CuTCNQ pre-
cursor. First, 5 mg of CUTCNQ powder was dispersed in 5 wt%
Nafion (20 uL) and isopropanol (380 uL), which subjected to
sonication for one hour to achieve a well-dispersed ink, and
then catalyst ink (40 pL) was uniformly dropped onto a carbon
paper (CP) substrate (1 x 1 cm2), such that a loading of 0.5 mg
cm-2 was obtained. The resulting Cu@CuTCNQ electrode was
fabricated as working electrode by performing potentiostatic
reduction electrolysis at -0.6 V vs. RHE for 2 h in 0.1 mol L-1
KOH solution containing 0.1 mol L-1 NOs~. Ag/AgCl reference
and 2 x 2 cm?2 Pt mesh counter electrodes were used.

2.3. Material characterizations

X-ray diffraction (XRD) was performed using a Japan Rigaku
D/max-2500 pc instrument with monochromatic Cu K, radia-
tion (A = 1.5406 A). The morphologies and microstructures of
the samples were characterized using scanning electron mi-
croscopy (SEM, FEI Qunta250) and transmission electron mi-
croscopy (TEM, FEI Tecnai G2 F20). X-ray photoelectron spec-
troscopy (XPS) measurements were performed using a Thermo
VG Scientific ESCALAB 250 spectrometer. Cu K-edge X-ray ab-
sorption spectra (XAS) were obtained at beamline 1W1B sta-
tion of the Beijing Synchrotron Radiation Facility. Raman data
were collected using a Raman microscope (LabRam HR Evolu-
tion) excited with a 633 nm laser. Fourier transform infrared
(FTIR) spectroscopy was performed using a Thermo Scientific
Nicolet 6700. The absorbance data of the UV-vis spectrometer
were obtained using a TU-1901 instrument from Beijing
Purkinje General Instrument Co., Ltd. X-band electron para-
magnetic resonance (EPR) tests were performed using a
Bruker EMXnano EPR spectrometer under liquid-nitrogen
cooling.

2.4. Electrochemical measurement

A Biologic VMP-300 electrochemical workstation was used
for subsequent electrochemical experiments. For the NO3™ re-
duction reaction, 25 mL of a solution consisting of 0.1 mol L-1
KNO3 and 0.1 mol L-1 KOH were added to the cathode and an-
ode chambers separated by a Naffion-212 membrane.
Throughout this study, unless explicitly stated otherwise, all
potentials measured relative to the Ag/AgCl electrode were
converted to the reversible hydrogen electrode (RHE) scale
using the formula: Erue = Eag/aga + 0.059pH + 0.197V. Chrono-
amperometry measurements were conducted from -0.4 to -0.8
V vs. RHE for 1 h. Linear sweep voltammetry (LSV) tests were
performed from 0.3 to —1.0 V vs. RHE at a scan rate of 10 mV
s-1. For comparison, a Cu electrode was also prepared by drop
coating on carbon paper (loading of Cu NPs was comparable to
that of Cu in the Cu@CuTCNQ catalyst).

3. Results and discussion
CuTCNQ was prepared by reacting Cul with TCNQ in an ex-

tra-dry acetonitrile solution, as previously reported. The SEM
and TEM images show a micrometer-scale rod-like aggregate

morphology (Figs. S1(a)-(c)). A TEM energy-dispersive spec-
troscopy (EDS) mapping showed a homogeneous distribution
of Cy, N, and C over CuTCNQ (Fig. S1(d)). The conductivity of
CuTCNQ, measured using a four-point probe method, was 0.18
S cm-1 (Fig. S2), owing to its strong charge transfer properties.
This is in agreement with previously reported values [40]. The
chemical structure and XRD pattern of CuTCNQ are shown in
Figs. 1(a) and (b), and the latter was refined using the GSAS
software. CuTCNQ exhibits a phase I crystal structure with te-
tragonal symmetry, corresponding to the P-421m space group.
The refined lattice parameters are a = b= 11.2357 A, ¢ = 3.9208
A, and @ = B = ¥ = 90°. The refined results fit well with the XRD
patterns, with Rp = 3.90%, and Rwp = 5.49%. The crystallo-
graphic data are listed in Table S1. The chemical structure of
CuTCNQ was characterized by Raman and FTIR spectroscopies
(Fig. S3). The typical IR spectral peaks and Raman signals indi-
cate that a pure CuTCNQ phase I sample was synthesized
[41,42]. The oxidation state of Cu in CuTCNQ was determined
by XPS. Moreover, the Cu 2p spectrum shows Cu 2pi1,2 and Cu
2p3/2 peaks with binding energies of 952.1 and 932.2 eV, re-
spectively, without shoulders or satellites, suggesting the
presence of Cu* rather than Cu?+, as evidenced by the Cu LMM
Auger peak at 570.8 eV (Fig. S4). Furthermore, the N 1s spec-
trum presented a single peak centered at 398.6 €V, indicating
the presence of only one N-type TCNQ in the sample [43,44].
XAS was used to further probe the electronic structure of Cu in
CuTCNQ. Cu K-edge X-ray absorption near-edge structure
(XANES) spectra revealed that the Cu species exhibited an oxi-
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Fig. 1. (a) Chemical structure of CuUTCNQ phase I. (b) XRD and Rietveld
refinement patterns of CuTCNQ phase I sample. XANES (c) and
FT-EXAFS (d) spectra of Cu K-edge for CuTCNQ and reference samples.
Wavelet transform (WT) of EXAFS of Cu foil(e), CuPc (f), and CuTCNQ
(8)-
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Fig. 2. Ex situ SEM characterization for the morphological evolution of
CuTCNQ during in situ electrochemical reconstruction.

dation state similar to that of the Cu20 reference (Figs. 1(c) and
S5(a) and (b)). Furthermore, the characteristic peak of CuTCNQ
in the first-derivative spectrum of the Cu K-edge XANES region
was located closer to the Cu(I) position, further confirming the
presence of Cu in the oxidation states of Cu(I) in CuTCNQ (Figs.
S5(c) and (d)) [45]. In addition, no Cu—Cu bonds were observed
in the R-space-extended X-ray absorption fine structure spec-
trum (EXAFS) (Fig. 1(d)), indicating that Cu* was monodis-
persed in the CuTCNQ complex. A wavelet transform (WT) was
performed to analyze the Cu K-edge EXAFS oscillations (Figs.
1(e)-(g) and S6). The WT maximum at 4.5 A-1, assigned to the
Cu-N coordination in CuTCNQ, is in good agreement with the
results of CuPc. Furthermore, with reference to the WT-EXAFS
of Cu foil, the absence of an intensity maximum at 7 A-1 sug-
gests the absence of Cu—Cu bonds in CuTCNQ.

The Cu@CuTCNQ composites were prepared by electro-
chemical reconstitution of CuUTCNQ in 0.1 mol L-1 KOH solution
(containing 0.1 mol L-1 KNOs) at 0.6 V vs. RHE for 2 h (Fig. S7).
Ex situ SEM was performed to study the evolution of the mor-
phology at various time intervals during the electrochemical
reduction treatment (Fig. 2). When the electrolysis time is be-
tween 20 and 40 min, the initial CuTCNQ undergoes a gradual
etching from the outside to the inside. This etching is accompa-
nied by the generation of numerous small flakes resembling
snowflakes, which remain on the surface and are transferred
onto the carbon fiber current collector. As the electrolysis con-

* Cu PDF#04-0836
(a)* CuTCNQ

After reconstruction

»

T T T T T T T
10 15 20 25 30 35 40 45

Intensity (a.u.)

5

tinued, the pristine CuTCNQ was completely reconstituted after
approximately 80 min, resulting in the formation of snow-
flake-like flakes that were tightly wound around the carbon
fibers. These flakes remained unchanged even with further
extension of the electrolysis time (Fig. S8).

The crystalline structures of the Cu@CuTCNQ composites
were confirmed by XRD, as shown in Fig. 3(a). The recon-
structed Cu@CuTCNQ exhibited a distinguishable diffraction
peak at 43.2°, which was ascribed to the Cu (111) crystal plane
(PDF #04-0836). The diffraction peak at 15.5°, assigned to
CuTCNQ, remained visible even after reconstruction. Apart
from the broad peak in the range of 20°-30°, attributed to car-
bon paper, no diffraction peaks corresponding to any other
Cu-based species or the ligand TCNQ were observed (Fig. S9).
To elucidate the electrochemical reconstruction process of
CuTCNQ, ex-situ XRD was performed to monitor the structural
changes (Fig. S10). During the first 80 min of the reconstruction
process, the intensity of the main diffraction peaks of CuTCNQ
gradually decreased, accompanied by a gradual enhancement
in the diffraction peaks of metallic Cu. When the reaction time
was extended from 80 to 120 min, the typical diffraction peaks
attributed to CuTCNQ (15.5°) and metallic Cu (43.2°) remained
without any alterations in their intensities. This observation
confirms that the restructuring of CiTCNQ was almost com-
plete around 80 min, and no significant structural changes oc-
curred upon further prolongation of the reaction time at -0.6 V
vs. RHE. The morphologies and internal microstructures of the
Cu@CuTCNQ composites were further studied using TEM. Un-
like the amorphous structure observed in the TEM images of
CuTCNQ (Figs. 3(b), S11(a), and S11(b)), the TEM images of
Cu@CuTCNQ clearly show the presence of crystalline nanopar-
ticles on the sample surface (Figs. 3(c) and (d)). A
high-resolution transmission electron microscopy (HRTEM)
image (Fig. 3(e)) shows an interplanar spacing of 0.205 nm,
which is assigned to the face-centered cubic Cu (111) plane.
This measurement is in agreement with the XRD results de-
scribed above. Numerous inconspicuous and discontinuous
lattice fringes are observed on the Cu surface, implying the
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Fig. 3. (a) XRD patterns of Cu@CuTCNQ composites formed by electrochemical reconstruction of CuTCNQ. (b) TEM image of CuTCNQ. (c,d) TEM im-
ages of Cu@CuTCNQ. (e) HRTEM image of Cu@CuTCNQ. (f) Elemental mapping images of Cu@CuTCNQ.
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presence of abundant Cu vacancy defects in Cu@CuTCNQ, as
marked by the orange dashed boxes. Such prominent lattice
defects were prevalent in Cu@CuTCNQ (Figs. S11(c) and (d)).
The EPR spectra were further studied for Cu vacancies in
Cu@CuTCNQ and Cu NPs (Fig. S12). In contrast to the absence
of an EPR signal in Cu NPs with good crystal structure, the re-
constituted Cu@CuTCNQ exhibited a significant EPR signal at g
= 1.995, confirming the presence of Cu vacancies [46]. The cor-
responding elemental mapping reveals the distribution of Cu,
N, and C in Cu@CuTCNQ (Figs. 3(f) and S13), further confirm-
ing the presence of the CuUTCNQ substrate.

In a typical three-electrode H-type electrolytic cell, a
Cu@CuTCNQ working electrode was used to evaluate the elec-
trocatalytic NRA under ambient conditions. Unless otherwise
stated, all potentials were referenced to the RHE without IR
compensation. The product NH3 was quantified by indophenol
blue spectrophotometry and further confirmed by 'H nuclear
magnetic resonance (NMR) analysis, and the potential
by-product NO2~ was measured by ion chromatography (Fig.
S14). First, LSV tests were performed in a 0.1 mol L-1 KOH
electrolyte with and without KNOs to investigate the catalytic
behavior of Cu@CuTCNQ for NO3~ reduction (Fig. 4(a)). Both
CuTCNQ and Cu@CuTCNQ exhibited more positive onset po-
tentials and higher current densities in NO3™-containing elec-
trolytes than in their NOs™-free counterparts, confirming their
catalytic role in electrochemical NOs~ reduction. The current
density of Cu@CuTCNQ was significantly enhanced at the same
potential as that of CUTCNQ. When the LSV curves were further
normalized by the electrochemically active surface area (ECSA),
it can be found that Cu@CuTCNQ exhibited a much larger NO3~

~
o
~

(b)
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reduction current density than CuTCNQ, highlighting its higher
NOs™ reduction activity (Fig. S15). These results verify that Cu is
the active site for the NOs™ reduction reaction. In contrast to
CuTCNQ, Cu@CuTCNQ exhibits two distinct reduction peaks in
the scan potential range. The peak located at around -0.15 V vs.
RHE was attributed to the conversion of NO2™ to NH20H (NO2™ +
4H20 + 4e- » NH20H + 50H"), while another peak at around
-0.7 V vs. RHE was ascribed to the electroreduction of NO2™ to
NHs (NOz™ + 5H20 + 6e- — NHs + 70H") [20,47]. To further de-
termine the NRA selectivity of Cu@CuTCNQ, chronoamperom-
etry tests were conducted in 0.1 mol L-1 KOH solution contain-
ing 0.1 mol L-1 NOs~, over a potential range of -0.4 to -0.8 V vs.
RHE for 1 h (Fig. 4(b)). Furthermore, to highlight the role of Cu
vacancies in Cu@CuTCNQ on improving the NRA selectivity, Cu
NP counterparts with good crystal structures were synthesized,
and their NOs~ electroreduction performance was evaluated
(Figs. S16 and S17). The change trend in the LSV curve of
Cu@CuTCNQ was different from that of CUTCNQ and similar to
that observed for Cu NPs, indicating that Cu was the active
phase that promoted the NOs~ reduction reaction for the
Cu@CuTCNQ composites. As the reaction potential becomes
more negative, the NH3z FE of Cu@CuTCNQ show a volcanic
trend and reach 96.4% at -0.6 V vs. RHE (Fig. 4(c)), which is
better than that of the Cu NPs (79.7%). In contrast, the FE of
NO2z™ decreases continuously with decreasing cathodic poten-
tial (Fig. S17(c)). Cu@CuTCNQ exhibited a higher NH3 FE and
lower NOz™ FE than the those of the Cu NPs over the entire ap-
plied potential range, suggesting that Cu@CuTCNQ with Cu
vacancy defects is more favorable for NH3 production. Fur-
thermore, the sum of FE for NH3 and NO2~ was close to 100%
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Fig. 4. (a) LSV polarization curves of CUTCNQ and Cu@CuTCNQ in 0.1 mol L-1 KOH electrolyte with and without 0.1 mol L-1 NOs™. The scan rate is 10
mV s-L (b) Chronoamperometry curves of Cu@CuTCNQ in 0.1 mol L-* KOH solution with 0.1 mol L-! NOs~ at various applied potentials. FE (c) and
yield rates (d) of NHs over Cu@CuTCNQ and Cu NPs in 0.1 mol L-1 KOH electrolyte with 0.1 mol L-1 NOs™. (e) 'H NMR spectra at various electrolysis
time intervals at the applied potential of -0.6 V vs. RHE, using 0.1 mol L-! KOH containing 0.1 mol L-! 15SNO3" as the electrolyte. (f) Current density at

the applied potential of 0.6 V vs. RHE for 10 h.
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over the entire tested potential range, indicating that Cu shows
inertness to HER and high activity for the reduction of NO3~
[48]. The maximum NH3 current density (jnnz) of Cu@CuTCNQ
was up to 50.0 mA cm-2 at -0.8 V vs. RHE, which is 1.8 times
higher than that of Cu NPs (27.4 mA cm-2, Fig. S17(d)). This is
likely because electrons can be easily transferred to the Cu sites
from the conductive CuTCNQ substrates [49]. Moreover, the
NH3 yield rate of Cu@CuTCNQ was higher than that of Cu NPs
over the entire applied potential range, reaching 144.8 and
233.2 pmol h-t cm-2 at -0.6 and -0.8 V vs. RHE, respectively
(Fig. 4(d)). The NRA electrochemical performance of the
Cu@CuTCNQ composite was further investigated by three
consecutive parallel experiments of potentiostatic electrolysis
at —0.6 V vs. RHE (Fig. S18). The results show that the three
parallel experiments had almost the same current density, NH3
FE, and yield rate, further confirming the excellent catalytic
performance for NRA.

Blank comparisons and isotope labelling experiments were
conducted to demonstrate that the detected NH3 was the result
of the reduction of NO3~. The reconstituted Cu@CuTCNQ was
electrolyzed at -0.6 V vs. RHE for 1 h in 0.1 mol L-1 KOH solu-
tion without NOs~ (Fig. S19(a)). After electrolysis, the solution
was stained with an indophenol blue indicator, which showed a
color similar to that of the blank KOH solution (Fig. S19(b)).
Further quantitative analysis by UV-vis spectrophotometry
showed that in the NO3™-free KOH solution, the generated NH3
was hardly detected (Figs. S19(c) and (d)), excluding the possi-
ble effects of TCNQ. After adding *NO3~ and 15NOs™ as reactants
in a 0.1 mol L-1 KOH solution for the electrolytic reaction, the
NMR spectra (Fig. S20) showed the 14NHs* triple and typical
15NH4* double peaks with coupling constants of 52.0 and 73.1
Hz, respectively [50]. These results verify that the NHs pro-
duced was derived from the electrochemical reduction of NOs™.
Moreover, based on three independent electrolysis experi-
ments, the average FE and yield rate of the NH3 produced from
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Cu@CuTCNQ at -0.6 V vs. RHE, determined by 'H NMR spec-
troscopy, were 95.9% and 144.2 pmol h-! cm-2, respectively,
which were consistent with the results quantified by UV-vis
spectrophotometry. 15N-labeled NO3~ was used as a reactant to
further study the accumulation of NH3 at different reaction
times (Fig. 4(e)). The 1H NMR spectrum showed only two sig-
nals for 15NH4*, and the peak intensity increased with increas-
ing electrolysis time, further confirming that the generated NH3
originated from the electrochemical NO3™ reduction and accu-
mulated continuously. The stability of Cu@CuTCNQ was inves-
tigated by performing a continuous NOs™ electrolysis reaction
at —0.6 V vs. RHE for 10 h (Fig. 4(f)). The Cu@CuTCNQ catalyst
still showed excellent catalytic performance, with a high total
NHs FE of 84.84% and yield rate of 133.0 umol h-! cm-2. SEM
characterization showed that the morphology of the
Cu@CuTCNQ composite did not change after long-term stabil-
ity measurements. XRD revealed that the diffraction peaks at-
tributed to CuTCNQ and metallic Cu still existed, highlighting
the excellent catalytic stability of the Cu@CuTCNQ composite
(Fig. S21). The advantages of the Cu@CuTCNQ catalyst for NRA
were further highlighted by comparison with other reported
catalysts (Table S2).

The structural evolution and stability of CuTCNQ during
NRA were monitored by in situ Raman spectroscopy with laser
excitation at 633 nm (Fig. S22). The corresponding spectra of
CuTCNQ loaded on a glassy carbon electrode, collected at the
open-circuit voltage (OCV) and other applied potentials, are
shown in Fig. 5. Neutral TCNQ crystals display Raman peaks at
1204, 1450, 1598, and 2222 cm-1, assigned to C=CH bending,
C-CN wing stretching, C=C ring stretching, and C=N stretching
modes, respectively [42]. When TCNQ is reduced to TCNQ™ to
form CuTCNQ, the two characteristic Raman peaks of C-CN
wing stretching and C=N stretching are shifted to lower wave-
numbers, 1375 and 2206 cm-!, respectively, owing to metal
centers and TCNQ charge transfer [51,52]. During LSV testing
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Fig. 5. (a,b) Raman spectra of TCNQ and CuTCNQ at open-circuit voltage (OCV) and 0.25 V vs. RHE, respectively. (c,d) Potential-dependent in situ Ra-
man spectra of CuTCNQ in 0.1 mol L-! KOH solution containing 0.1 mol L-1 NOs™.
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of CuTCNQ, the Raman signal intensity of CUTCNQ under OCV
conditions was significantly enhanced when the potential was
swept to 0.25 V vs. RHE. This enhancement can be attributed to
the electrochemical reduction of the Cu* ions in CuTCNQ into
nanostructured Cu. The resulting nanostructured Cu acts as an
active substrate to realize the surface enhanced Raman scat-
tering (SERS) effect (Figs. 5(a) and 5(b)) [53-57]. In addition,
the reductive exfoliation of the Cu-N4 node in CuTCNQ was
accompanied by an increase in the vibrational energy of the
C-CN wing stretching, resulting in a blue shift of the peak to
1389 cm-L. The shift in the C-CN wing stretching mode con-
firms the electronic interaction between the CuTCNQ substrate
and derived Cu. This interaction contributes to the higher NO3~
reduction activity of Cu@CuTCNQ compared to that of the Cu
NPs [58]. Although the peak intensity of CUTCNQ weakened to
a certain extent as the potential was further negatively scanned
between 0.25 and -0.65 V vs. RHE, it did not disappear com-

pletely, indicating that the CuTCNQ structure still exists even

after the electroreduction reconstruction (Figs. 5(c) and 5(d)).

Additionally, the phase evolution of Cu'TCNQ during the recon-

struction process at —0.6 V vs. RHE was further characterized

by in situ Raman spectroscopy (Fig. S23). The Raman peak in-
tensity of the CuTCNQ complex (e.g, C-CN wing stretching
mode at 1389 cm-1) decreased and then remained unchanged
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during the 2 h reconstruction process under working condi-
tions, indicating a structural change of the material along with
the preservation of CuTCNQ after reconstitution. The in situ
Raman measurements agreed with the characterization results
discussed above and further confirmed that the stable
Cu@CuTCNQ composites were responsible for the highly selec-
tive NRA.

Furthermore, online DEMS was performed to capture the
volatile molecular intermediates and products produced during
the NRA (Fig. 6(a)). The mass-to-charge ratio (m/z) signals of
30 and 46 attributed to NO and NO:z were detected in three
subsequent electrolysis at a constant potential of -0.6 V vs.
RHE, indicating the presence of crucial NO* and NO2* reaction
intermediates over Cu@CuTCNQ [59]. Furthermore, a relative
signal assigned to NHs appeared at m/z = 17, further confirm-
ing the production of ammonia.

The above-mentioned phase analysis combined with cata-
lytic performance studies has shown that Cu is the active phase
for the NO3™ reduction reaction, and abundant Cu vacancy de-
fects on the Cu surface are more conducive to improving NH3
selectivity. Based on the characterization of Cu@CuTCNQ, DFT
calculations were performed to further elucidate the enhanced
catalytic performance of vacancy-defect-rich Cu (Vcu-Cu). Based
on the constructed structural model (Fig. S24), the charge den-
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sity differences between perfectly crystallized Cu and Vcu-Cu
after NO3™ adsorption are plotted in Figs. 6(b) and S25. Com-
pared to NOs~ adsorbed on the Cu surface in the side-on mode
through two O atoms in a chelating 0,0-bidentate configura-
tion, the adsorption of NO3~ on Vcu-Cu occurs via the bonding of
three O atoms to the Cu atom near the vacancy defect. Moreo-
ver, the electron cloud between Vcu-Cu and NO3~ accumulates
more than that on Cu. This increased electron density results in
a stronger charge-transfer ability, facilitating the
bond-breaking activation of NOs~ [60]. However, the remaining
CuTCNQ can act as a conductive substrate and play a vital role
in the transfer of electrons from the substrate to the active site.
Based on DEMS results and previous reports [28,61-63], it can
be deduced that the reaction pathway of NRA consists of a se-
ries of deoxidation steps (*NOs — *NOz — *NO — *N) fol-
lowed by a series of hydrogenation steps (*N — *NH — *NH:
— *NHs) at the elemental level. The optimized structures of
the intermediates adsorbed on the Vcu-Cu and Cu surfaces are
shown in Figs. 6(c) and S26, respectively, and the correspond-
ing Gibbs free energy (AG) diagrams were calculated for dif-
ferent catalyst surfaces. For perfectly crystallized Cu, the initial
NOs™ adsorption is an energy-consuming step requiring a AG of
0.22 eV. After NO3™ adsorption, the NRA process is generally
exothermic until NHs desorption. Although the energy barrier
for NH3 desorption (AG = 0.28 eV) is higher than that for NO3~
adsorption over the Cu surface, NHs is readily desorbed from
the adsorption sites under practical reaction conditions be-
cause of its high solubility in aqueous solutions [64,65]. Fur-
thermore, as the desorption of NHs is not an electrochemical
step, the PDS in the NRA process over the Cu surface is consid-
ered to be NOs~ adsorption. In contrast, when Cu vacancy de-
fects are introduced into the Cu surface to form Vcu-Cu, the
initial step of NOs~ adsorption exhibits a thermodynamically
downhill trend with a AG value of -0.64 eV. This indicates a
significant enhancement in the adsorption of NOs3~ on the
Vcu-Cu surface, favoring the activation of NOs~. Moreover,
throughout the progress of the NRA process, AG remains nega-
tive for all electrochemical steps. This suggests that deoxidation
and hydrogenation processes are thermodynamically favorable
on the surface of Vcu-Cu. A schematic of the NRA pathway on
Vcu-Cu is shown in Fig. 6(d). The free energy of H* adsorption
on Veu-Cu (AGr#= -0.13 eV) is more negative than that on the Cu
surface (AGu+ = —=0.09 eV), which means Vcy-Cu surface is ad-
vantageous for the suppression of HER (Fig. 6(e)) [66]. Owing
to the improved NO3~ adsorption and hydrogenation, as well as
the suppression of the competing HER, Vcu-Cu exhibited out-
standing NOs™~ reduction activity and NHs selectivity, which is in
agreement with the experimental results.

4. Conclusions

We developed a highly efficient Cu@CuTCNQ composite
catalyst with rich Cu vacancy defects for NRA using a facile
electrochemical reconstruction method. The morphology and
structural evolution of the Cu@CuTCNQ catalyst during the
reconstruction process were determined by ex situ SEM com-
bined with in situ electrochemical Raman spectroscopy. Owing

to the synergistic effect of accelerated charge transfer from the
CuTCNQ substrate to the Cu sites and surface vacancy defects,
the Cu@CuTCNQ catalyst exhibited superior NRA performance
with a maximum FE and productivity of 96.4% and 144.8 pmol
h-1 cm-2, respectively, at 0.6 V vs. RHE. The Cu@CuTCNQ cata-
lyst outperforms its Cu NP counterparts and most Cu-based
catalysts. Furthermore, Cu@CuTCNQ exhibited satisfactory
stability during long-term durability experiments. DFT calcula-
tions indicated that the introduction of vacancy defects on the
Cu surface facilitated NO3~ adsorption and hydrogenation while
inhibiting the competing HER, which accounted for the en-
hanced NRA performance. This study highlights the importance
of constructing efficient NRA catalysts through in situ electro-
chemical reconstruction strategies and provides fundamental
insights into the role of the metal vacancy activity in catalysis.
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