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ABSTRACT
The Haber-Bosch process dominates ammonia production but is energy-intensive and a major source of COx emissions.
Electrochemical nitrate reduction (NORR) presents a sustainable alternative by simultaneously remediating nitrate pollution and
enabling carbon-neutral, or even carbon-negative, ammonia synthesis. However, NORR still suffers from high overpotentials,
limited selectivity, and poor catalyst durability. Here, a one-pot hydrothermal strategy is reported for synthesizing ternary copper-
vanadium sulfide (CVS) nanocrystals as a robust, heavy-metal-free NORR electrocatalyst operating under ambient conditions.
The synergistic Cu-V interactions within the sulvanite framework enhance reduction activity, while vertical stacking and high
crystallinity provide a large electrochemically active surface area and efficient charge transport. CVS delivers a significantly low
onset potential (−0.476 V) and overpotential (−0.596 V at 10 mA cm−2 vs RHE), rapid kinetics (Tafel slope: 34.1 mV dec−1), and a
high Faradaic efficiency (FE) of 91%, outperforming binary counterparts such as VS2 and CuS. Importantly, its potential efficacy is
validated using real agricultural runoff water, demonstrating practical relevance beyond laboratory conditions. Further, detailed
computational studies including catalytic free energy calculations on the CVS (110) surface reveal favorable reaction energetics,
consistent with experimental observations. Overall, this unique work positions ternary chalcogenides as promising platforms for
decentralized and sustainable green ammonia synthesis.
1 Introduction

Ammonia is a versatile compound with diverse applications
across agriculture [1], pharmaceuticals [2], energy production [3],
industrial processes [4], textile industry [5], and food technology
[6] and so on. It’s exceptionally low boiling point [7] makes it
indispensable in cryogenics, where extreme cooling is essential.
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Rich in hydrogen content, ammonia emerges as a promising
energy-dense fuel [8], which can be transported easily compared
to hydrogen, aligning with the global shift toward sustainable
energy solutions. Excitingly, it has recently captured attention
as a potential propellant in space exploration [9], offering a
carbon-free alternative for advancing the frontiers of science and
technology.
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Since the development to meet the ammonia demand dur-
ing World War I, the Haber-Bosch process has been exten-
sively employed for the large-scale thermocatalytic synthesis
of ammonia [10]. This energy-intensive method, invented by
German chemists Fritz Haber and Carl Bosch in 1909, remains
fundamental in industrial ammonia production to date. The
thermo-catalytic reaction between hydrogen and nitrogen for
ammonia production, given below, requires high temperature
and high pressure to break the strong triple bond of molecular
nitrogen gas.

N2 (g) + 3H2 (g) → 2NH3 (g) Δ𝐻 = −92𝑘𝐽𝑀𝑜𝑙−1

While this method ensures high ammonia yields, it is accom-
panied by significant greenhouse gas emissions, which are
approximately 1.6 tonnes of carbon dioxide for every tonne of
ammonia produced [11], posing serious environmental concerns.
To address this, many efforts are directed toward developing
sustainable alternatives [12, 13], including utilizing renewable
energy sources [14] and electrochemical methods [15, 16], to
achieve efficient as well as eco-friendly ammonia synthesis.
In this context, electrocatalytic ammonia production in aque-
ous systems has gained significant research interest due to its
ability to operate under ambient conditions [17, 18], achieve
zero contaminant emissions, and utilize renewable energy as
a driving force, leaving behind carbon carbon-neutral/negative
energy solution. This method offers a flexible production scale,
making it well-suited for integration with intermittent renew-
able sources like solar and wind energy. Researchers initially
utilized atmospheric nitrogen as the source for nitrogen reduc-
tion reaction (NRR) but there are some drawbacks for this
catalytic process as follows: i) the high dissociation energy of
the N≡N bond (∼941 kJ mol−1) ii) low solubility of nitrogen
in water (0.66 mmol L−1), making this unfavorable for efficient
reaction kinetics. Therefore, to address these issues, the scien-
tific community has redirected its attention toward the nitrate
reduction reaction (NORR) via a low-energy barrier solid-liquid
interface pathway [19–21], compared to the NRR where the
solubility of nitrate in water (>2 mol L−1) is way higher, at the
same time the dissociation energy of the N═O bond (∼240 kJ
mol−1) is considerably lower making NORR a more feasible
alternative.

Moreover, since nitrate has been a key ingredient in agricultural
fertilizers [22], manures [23], strengthening agents in glass and
ceramic industries [24], industrial explosives [25], and military
applications [26], also poses significant health and environmental
risks due to its high toxicity as well as excessive nitrate levels
can lead to hazardous diseases [27, 28] and ecological damage,
highlighting the urgent need not only for effective remediation
strategies but also for their conversion into value-added products
like ammonia.

Electrocatalytic NORR involves proton coupled electron transfer
(PCET) process, which includes 8-electron/9-proton transport
with multiple intermediates [29], where higher negative poten-
tials boost NH3 yield but also promote competing Hydrogen
Evolution Reaction (HER) and other byproducts [30]. Thus,
designing catalysts that selectively reduce nitrate to NH3 while
suppressing HER and side products is crucial.
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In this regard, nanocrystals with distinctive electronic architec-
ture emerge as highly promising electrocatalysts due to their
supporting electronic environment as well as large surface
area, which provides abundant active sites, resulting in high
intrinsic conductivity [31–33], making them ideal for efficient
NORR. Particularly for NORR, among metal-based electrocat-
alysts, noble metals like platinum, gold, and palladium suffer
from low Faradaic Efficiency (FE) as well as utility, due to
competing superior HER [34] and their high cost. In contrast,
low-cost copper is particularly effective due to its exceptional
physicochemical properties beneficial for durable electrocatalytic
NORR while suppressing HER [35–37]. However, copper-only
based nanocrystals suffer from poor activity and limited sta-
bility due to leaching issues and weak binding with nitrate
intermediates, which hinder sustained NORR performance [38].
Recent research has addressed this challenge by incorporating
Cu into other nanoscale materials, which improves catalytic
activity and stability by bringing some unique synergistic inter-
actions. Strikingly, vanadium steals the spotlight as its vacant
d orbitals promote strong electrostatic interactions with NO3

−

oxygen atoms, optimizing the d-band center for better overlap
with the nitrate’s LUMO π* orbitals, which promotes superior
nitrate adsorption, activation [39–41], while its flexible oxidation
states (+2 to +5) drive multistep redox reactions, making it
the key player in enhancing NORR performance. This flexibil-
ity helps in driving a complex multi-electron transfer process
required for complete nitrate reduction to ammonia. Nowadays,
researchers have become interested in metal sulfide nanocrystals
as promising electrocatalysts for crucial energy and environ-
mental applications due to their tunable electronic bandgaps,
well-positioned energy levels, and rich surface-active sites. Unlike
rigid metal oxides, metal sulfides can accommodate volume
changes during electrocatalysis, especially layered architectures
(VS2, MoS2 and WS2) with abundant edge sites that provide
high catalytic activity, large surface area, and excellent stability
under harsh conditions [42, 43]. Beyond these layered forms,
sulfide nanocrystals offer further advantages, as their well-
defined crystalline domains and controlled size distribution
expose a higher density of edge and corner sites, which are
typicallymore catalytically active than basal planes,making them
particularly attractive for efficient electrocatalysis. Therefore,
metal chalcogenide-based catalysts enhance NORR performance
by creating abundant active sites, facilitating charge transfer
through tunable bandgaps, and leveraging metal–metal synergy
to optimize electronic structure for efficient nitrate adsorption,
activation, and multi-electron transfer toward ammonia [39–41].

Herein, we report a one-pot hydrothermal synthesis of sulvanite-
type Cu3VS4 (CVS) nanocrystals, designed with cost-effective
and environmentally benign Cu-V synergy as a next-generation
NORR electrocatalyst. The sulvanite lattice, featuring open chan-
nels and vertically stacked nanoarchitecture, facilitates rapid
ion diffusion, efficient charge transport, and reduced Warburg
resistance, directly translating to accelerated reaction kinetics.
Compared with binary analogues (VS2, CuS), CVS achieves a
lower onset potential (−0.476 V), smaller overpotential (η10 =
−0.596 V), and the lowest Tafel slope (34.1 mV⋅dec−1), under-
scoring its superior charge-transfer kinetics. Electrochemical
impedance measurements confirm minimized resistance, while
the optimized conduction band alignment ensures selective
nitrate activation over competing HER. Importantly, unique gas
Small, 2026
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SCHEME 1 Schematic of the synthesis procedure of the ternary chalcogenide (CVS).
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chromatography measurements allowed unambiguous differen-
tiation of HER and NORR potentials, providing rare mechanistic
clarity in nitrate electroreduction systems. Chronoamperome-
try(CA) at −1.3 V versus RHE delivers a high FE of 91.2% for
NH3 with robust stability across 50 cycles. Complementary DFT
calculations identify NO3

− adsorption on V sites as the rate-
determining step, corroborating experimental insights into the
Cu-V synergistic pathway. Finally, practical validation using agri-
cultural runoff achieved ∼59% nitrate conversion, demonstrating
the technological viability of CVS under realistic conditions.
Collectively, the structural, electronic, and mechanistic features
establishCVS as a stable, selective, andhigh-performance catalyst
for ambient electrochemical nitrate-to-ammonia conversion for
sustainable energy solutions.

2 Results and Discussion

The materials required, as well as all the detailed experimental
procedures regarding synthesis and characterization, can be
found in Sections S1–S5. Ternary chalcogenide Cu3VS4 (CVS) was
successfully synthesized via a bottom-up hydrothermal method.
In brief, accurately weighed amounts of the precursor salts of
NH4VO3, Cu(NO3)2, and C2H5NS were homogeneously stirred in
double-distilledwater at room temperature for 60min. The result-
ing mixture was then transferred into a Teflon-lined stainless-
steel autoclave, which was sealed and placed in a hydrothermal
reactor at 180◦C for 20 h. After naturally cooling to room
temperature, the product was collected, washed thoroughly with
ethanol several times, and vacuum-dried for subsequent physical
and chemical characterization. The schematic representation of
the synthesis process is illustrated in Scheme 1. For comparison,
binary chalcogenides containing vanadium and copper, such as
VS2 andCuS,were also synthesized under identical hydrothermal
conditions.

First, to verify the phase purity and crystallographic structure of
the as-prepared targeted materials, VS2, CuS, and CVS, Powder
X-ray diffraction (PXRD) analysis was performed. The sharp
diffraction peaks of CVS (Figure 1a) closely align with the
standard cubic pattern of sulvanite crystal structure with Joint
Committee on Powder Diffraction Standards (JCPDS) number
01-088-1318, showing prominent reflections corresponding to
the (100), (110), (111), (200), (210) and (220) planes, indicating
minimal presence of impurity phases. The corresponding unit
Small, 2026
cell structure of the CVS is depicted in Figure S1. The PXRD
patterns for VS2 and CuS are shown in Figure S2a,b. For VS2,
the characteristic peaks are well matched with the standard
pattern for hexagonal 2H-VS2 (JCPDS No. 01-089-1640), which
are observed at 15.15◦, 35.31◦, and 45.11◦, corresponding to the
(001), (011), and (012) crystal planes, respectively. Notably, the
intense and sharp (011) peak suggests a dominant formation of the
2H-phase VS2 with excellent crystallinity. However, the presence
of little residual VOOH implies that further optimization of the
hydrothermal synthesis conditions is necessary to enhance phase
purity. Besides this, the PXRDpattern of CuSwas also verified and
matchedwith the reference JCPDS card no. 06–0464 with distinct
peaks corresponding to the (103), (006), (110), and (102) planes,
confirming the formation of hexagonal-phase CuS.

To get a clear idea about the possible band energy structure
in evaluating the electronic aspect of redox behavior for NORR
by the catalysts, the electronic spectroscopy and Mott-Schottky
(M-S) analysis were integrated [Figure 1b,c; Figure S3a,b]. From
Tauc’s plot, the obtained bandgap values of all the materials
were found to be 1.89 eV for CVS, 2.02 eV for VS2 and 1.68 eV
for CuS. Following that, the electrochemical M-S analysis was
performed, which is the change in the space-charge capacitance
at the electrode/electrolyte interface w.r.t. the applied potential.
The intercept on the X-axis represents the flat band potential
(Efb), which is a measure of a potential that needs to be applied
for crossing the depletion layer arising from a semiconducting
junction, like the interface between the electrode and the double
layer formed at the electrolyte side. As the electrode-electrolyte
interface is correlated to the semiconductor junction, this plot
generally not only indicates the typical semiconducting nature of
the material but also suggests the potential position of the Fermi
level, represented by the flat band (fb) value [44]. Conventionally,
a positive slope of M-S signifies the n-type, and a negative
slope originates from the p-type. The M-S plots revealed that
VS2 (Figure S3c) and CVS [Figure 1c] exhibit n-type character-
istics with positive slopes, while CuS displays a negative slope,
confirming its p-type semiconductor nature (Figure S3d). The
(Efb) provided estimates of the conduction band minima (CBM)
for CVS and VS2, and it is estimated to be: −0.62 V for CVS,
−0.30 V for VS2, while +0.197 V versus RHE is the valence band
maxima (VBM) for CuS, which gives rise to CBM of −1.48 V
versus RHE when adding the bandgap value (Figure 1d; Figure
S4). Comparing these energy levels with the standard redox
potential for nitrate-to-ammonia conversion (−0.38 V vs RHE),
3 of 14
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FIGURE 1 (a) Powder XRD patterns (b) Tauc plot (c) Mott-Schottky analysis (d) Probable band energy diagram of CVS, correlating redox potential
for catalysis.
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it is evident that the conduction band minima CBM of VS2
lie below or very close to this potential, offering significantly
insufficient driving force to promote the reduction reaction. For
CuS, the CBM is located at a highly negative potential (−1.48 V vs
RHE), which provides strong electron availability but also risks
accelerating the competing HER. By contrast, CVS possesses an
ideally positioned CBM at −0.62 V versus RHE, which not only
exceeds the thermodynamic requirement for nitrate reduction
but also balances the driving force without overly favoring HER.
Taken together, these results indicate that while VS2 and CuS
individually have limitations, either too weak or too strong a
driving force, CVS offers the most suitable band alignment for
selectively driving the nitrate-to-ammonia conversion, making it
themost promising candidate for efficient catalysis in this system.

The surface morphology of the as-synthesized catalyst was
thoroughly characterized using advancedmicroscopic techniques
such as Field Emission Scanning Electron Microscopy (FESEM)
and TEM. The FESEM reveals a prominent vertical alignment
and dense sheet-like stacking of NCs forming a highly porous and
layered architecture, as shown in Figure 2a–c. This morphologi-
cal configuration can effectively augment the electrochemically
active surface area (ECSA) and accessibility of catalytically active
sites. The stacked architecture can also contribute to continuous
conductive pathways, reducing the spatial distance for charge
transfer from the catalytic sites to the underlying conductive
substrate. This can minimize the number of hopping or tun-
nelling steps required for electrons, thereby promoting rapid
electron transfer kinetics and enhancing nitrate ion diffusion at
the catalyst-electrolyte interface. On the other hand, the TEM
images show the uniformity in the size of the synthesized NCs
4 of 14
(Figure 2d,e) with an average size distribution of 17 ± 3.5 nm,
as shown in the size distribution histogram (Figure S5). High-
resolution transmission electron microscopy (HRTEM) images
of the CVS NCs reveal well-defined lattice fringes of 3.89Å
(Figure 2f) corresponding to the PXRD’s (110) plane, with the
P4−3m space group. The TEM images of the VS2 and CuS are
depicted in Figure S6a–f, which confirm the sheet-like structure,
and the fringe patterns with distinct d-spacing values can be
correlated with the corresponding PXRD results.

While PXRD and microscopic investigations confirm the crys-
tallinity and morphology of the materials, X-ray Photoelectron
Spectroscopy (XPS) digs into the surface composition and oxida-
tion states essential for evaluating electrocatalytic performance.
The XPS survey spectrum of CVS (Figure 3a) confirms the
presence of Cu, V, and S with binding energies consistent with
Cu+ (Cu 2p at ∼930–955 eV), V5+ (V 2p at ∼515–525 eV), and S2−
(S 2p at ∼162–165 eV). The XPS spectra are calibrated against the
C 1s peak at ∼284 eV. The spectrum aligns with the expected
composition of CVS, with minimal evidence of bulk oxidation.
The XPS plot shows the Cu 2p region of CVS (Figure 3b). The
main peaks around 932.5 eV (Cu 2p3/2) and 952.5 eV (Cu 2p1/2),
along with the absence of satellite peaks, confirm the presence
of Cu+ in the material, consistent with the expected chemical
environment in CVS. The absence of Cu2+ features supports the
phase purity of the targeted compound [45]. The presence of
Cu+ is crucial in CVS because it donates electrons, tunes the
vanadium active site electronically, stabilizes intermediates, and
enhances the selectivity and efficiency of nitrate-to-ammonia
conversion. The V 2p region for CVS (Figure 3c) reveals the
presence of vanadium in the +5-oxidation state, as indicated by
Small, 2026
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FIGURE 2 (a–c) FESEM images showing the surface morphology and microstructural features of the synthesized catalyst at different
magnifications. (d–f) Transmission electron microscopy (TEM) images revealing the internal structure and lattice fringes highlighting its nanoscale
sheet architecture.

FIGURE 3 XPS plots for CVS (a) Full Scan (b) Cu, (c) V, and (d) S.

structure.
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peaks around 517.2 eV (V 2p3/2) and 524.7 eV (V 2p1/2) [45]. The
trace amount of V4+ is shown in the graph indicating VO2 or VS2
which io incomparable w.r.t the V5+. This high oxidation state of
vanadium is significant because it enhances the electrophilicity
of the V center, making it highly favorable for NO3

− adsorption
through electrostatic interactions and making it facile for the
following multistep redox reactions to happen. Thus, the XPS
directly indicates the crucial electronic contribution of vanadium
Small, 2026
in nitrate capture and conversion applications. The XPS spec-
trum of the S 2p region for CVS (Figure 3d) shows primarily
sulfide (S2−) ions at 162.56 eV (S 2p3/2) and 163.81 (S 2p1/2),
confirming the material’s sulfide nature, with a small amount
of elemental sulfur at ∼164.74 eV, likely from surface oxidation
or synthesis impurities [45]. This result confirms varied sulfur
environments due to Cu and V coordination in the sulvanite
5 of 14
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The XPS spectrum of Cu in CuS (Figure S7a) shows two major
peaks at 933.5 eV (Cu 2p3/2) and 953.5 eV (Cu 2p1/2) with a distinct
satellite peak appearing near 943 eV [46]. These satellites confirm
the presence of Cu2+ in the CuS sample. The S 2p XPS spectrum
of CuS (Figure S7b) shows peaks at around 161.7 eV (S 2p3/2) and
163.0 eV (S 2p1/2), indicating the presence of S2−. In comparison,
CVS typically shows S 2p peaks slightly shifted to higher binding
energies (162.0-1-63.5 eV) due to the influence of V─S bonding.
This shift suggests a more complex or ionic environment for
sulfur in CVS compared to the more covalent Cu-S interaction in
CuS. The XPS spectrum of V (Figure S7c) in VS2 shows V 2p peaks
at 516.6 and 523.9 eV, confirming the presence of V4+ in VS2 [47].
There are two minor peaks of V3+ that appear in the spectrum,
indicating a little impurity. Compared to CVS, where V5+ appears
at higher binding energies (517.5 and 524.8 eV), this shift reflects
the difference in oxidation state and local bonding environment
between the two materials. The S 2p XPS peaks (Figure S7d) in
VS2 appear at 161.8 and 163.0 eV, confirming the presence of S2−
[47]. Compared to CVS, where S 2p peaks are slightly shifted to
higher binding energies (162.0–163.5 eV), this reflects a simpler
and more covalent V-S environment in VS2 versus the mixed
Cu─S and V─S bonding in CVS.

Initially, to evaluate the electrocatalytic performance toward
NORR of the as-synthesized catalysts, linear sweep voltammetry
(LSV) responses were recorded in 0.1 m K2SO4 electrolyte (pH 7)
with and without the addition of 0.5 m KNO3. The conversion
of potential from Ag/AgCl to RHE is done by the Equation
S1. Figure 4a shows the LSV profile of CVS, which exhibits a
significant enhancement in cathodic current density upon the
introduction of KNO3, suggesting its superior electrocatalytic
activity toward nitrate-assisted electrochemical processes. In
contrast, the LSV profile of VS2 in Figure 4b reveals that VS2
shows significantly low deviation in current response upon
nitrate addition, indicating either a limited interaction with
nitrate species or an inherently slower charge transfer process
that is not nitrate-sensitive. Whereas, the LSV for CuS cata-
lyst, shown in Figure 4c, displays moderate enhancement in
activity in the presence of nitrate, implying a partial promotion
effect, though not as pronounced as observed with CVS. These
differences underscore the varied nature of electron transfer
kinetics and surface-nitrate interactions across the materials. A
comparative analysis of the onset potential and overpotential
from the standard reduction potential (i.e., at−0.42V) at a current
density of 10 mA cm−2 (η10) is presented as a bar diagram in
Figure 4d. CVS exhibits the onset potential of −0.476 V and
η10 of −0.596 V, affirming its energetically favorable catalytic
behavior. By contrast, VS2 shows the highest onset potentials
(−0.567 V) and a higher overpotential at η10 (−0.896 V), indicating
sluggish reaction kinetics. In comparison, CuS requires the lowest
onset of −0.425 V but the moderate η10 of −0.651 V, reinforcing
its relatively inferior performance with respect to CVS. Tafel
plots in Figure 4e further validate the kinetic trends, where CVS
demonstrates the lowest Tafel slope of 34.1 mV dec−1, indicative
of rapid charge transfer and efficient electrocatalytic kinetics. On
the other hand, the VS2 and CuS display Tafel slopes of 38.4
and 46.5 mV dec−1, respectively, suggesting progressively slower
reaction kinetics. These findings are graphically summarized in
the bar plot in Figure 4f, which concisely presents the kinetic
advantage of CVS over the configurational components. Taken
together, it establishes CVS as the most effective catalyst among
6 of 14
the three, exhibiting excellent nitrate-sensitive electrocatalytic
activity, lower energetic barriers, and faster electron transfer
kinetics. This suggests a potentially favorable composition that
facilitates enhanced adsorption and reduction of nitrate species,
meriting further mechanistic investigation. In contrast, the
marginal improvement with VS2 and the limited activity of CuS
highlight the importance of rational material design and surface
engineering for optimized nitrate-assisted electrocatalytic green
ammonia generation.

To get a mechanistic idea about the reaction kinetics of the
NORR, LSV was further conducted using a Rotating Ring-Disk
Electrode (RRDE) setup (Figure 5a). The NORR is a complex
process involving the transfer of 8 electrons and 9 protons. This
reaction encompasses two concurrent steps: (i) the diffusion of
nitrate ions to the catalyst’s active surface and (ii) the charge
transfer from the catalyst to the nitrate at the interface between
the electrolyte and the electrode. The fundamental benefit of the
RRDE setup is its ability to simultaneously and quantitatively
analyze reaction intermediates and products under precisely
controlled mass transport conditions. The whole setup is a
combination of a rotating disk (for primary reaction) with a ring
electrode (for intermediate detection), where a fixed potential
is maintained to oxidize the reaction product generated at the
disk. Therefore, this setup enables real-time mechanistic insight
that static electrodes cannot provide, whichmakes this invaluable
for distinguishing reaction pathways and accurately evaluating
catalyst performance. The CVS fabricated disk electrode surface
was employed to perform LSV, varying the rotation rate from 0 to
2000 rpm at a scan rate of 50 mV s−1. The disk LSV curves and the
corresponding ring currents recorded at various rotation speeds
are displayed in Figure 5b and Figure S8. During the nitrate-to-
ammonia reduction reaction, ammonia oxidation to NOx species
also occurs at the platinum ring electrode. To validate this
oxidation, the ring current was measured with the disk potential
simultaneously, and subsequently a cyclic voltammetry (CV)
scan was conducted at 10 mV s−1, where an ammonia oxidation
peak was clearly observed between 0.6 and 1.1 V versus. RHE
(Figure 5c) [48]. However, it is worth noting that as the rotation
speed increases, NOx formation decreases due to a facile proton-
coupled electron transfer (PCET) process that favors ammonia
production. Moreover, the Koutecký-Levich (K-L) plots, obtained
by linear fitting of the reciprocal current density against the
reciprocal square root of the rotation rate, are presented in Figure
S9. From the K-L equation, the number of electrons transferred in
the diffusion-limited region was calculated to be approximately
2.3 at −0.50 V (NOx formation) and about 5.9 at −1.00 V versus
RHE (NH3 formation). These deep insights confirm that the
overall process predominantly follows an eight-electron transfer
pathway through NOx formation.

Based on these physicochemical insights, CA measurements
were employed at different applied potentials (Figure S10) to
assess the FE and NH3 production of the developed catalyst,
determining −1.3 V as the ideal potential for maximizing both
activity and stability (Figure S11). To evaluate its long-term
stability, CA measurements were performed, during which the
catalyst demonstrated excellent stability, maintaining a current
density over a period of 3 h. Furthermore, to evaluate the
catalyst’s recyclability, CA was carried out consecutively up to
the 50th cycle at −1.3 V (Figure 6a), which shows the catalytic
Small, 2026
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FIGURE 4 LSV Polarization curves on changing electrolytes for (a) CVS (b) VS2 (c) CuS, (d) Onset and overpotential bar diagram, (e) Tafel slopes
(f) Corresponding bar diagram.
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activity is significantly recyclable in nature. Initially in CA at
−1.3 V, the current density starts at −155 mA cm−2 and gradually
stabilizes, indicating a steady-state electrocatalytic reaction after
the activation of the material in the electrolyte medium. The FE
and ammonia yield were calculated by using the formulae given
in (Section S4 Equations S3 and S4). The FE, presented as a bar
chart (Figure 6b), starts at over 91% in the first cycle and gradually
falls below 30% after whopping 50th cycle. This slow decline
indicates steady selective conversion of nitrate to ammonia, with
an increasing proportion of the current being slightly diverted
to side reactions such as HER. The bar graph shown in Figure
S12 illustrates the ammonia yield over 50 consecutive cycles
which was estimated to be approximately 79 000 µg h−1 mg−1
of catalyst during the first cycle, gradually decreased to around
50 000 µg h−1 mg−1 of catalyst by the 50th cycle. It is to be
mentioned that even after the 50th cycle, the current density
and FE decrease by only 30% from the initial scan (Figure 6b).
This trend suggests that the as-designed electrocatalyst can be
Small, 2026
employed to an industrial level for long-term electrocatalytic
performance. The 1H-NMR spectrum provides direct molecular
evidence for ammonia formation during NORR over CVS. The
characteristic triplet peaks between 6.8 and 7.2 ppm correspond to
the ammonium ion (NH4

+), while the sharp signal at ∼6.3 ppm
arises from maleic acid, employed as an internal standard. The
clear resolution and strong intensity of NH4

+ signals, without
interference fromother nitrogenous byproducts, confirm the high
selectivity of CVS toward ammonia production (Figures S13 and
S14 and Figure 6c). The detailed experimental procedure for 1H-
NMR analysis is given in Supporting Information. In addition to
this, NH3 production in the electrolyte was also monitored and
quantified using a UV–vis spectrophotometric technique based
on the standard indophenol blue method Figure 6d, comparing
with the optimized spectra and calibration curve (Figure S15a,b).
In brief, the absorbance spectra span the wavelength range from
approximately 540 to 780 nm, of the collected diluted aliquot was
recorded. A prominent peak is observed around 630–660 nm,
7 of 14
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FIGURE 5 (a) Schematic representation of RRDE (b) LSV polarization at different rotation speed at scan rate of 50mV/sec. (c) Cyclic Voltammetry
at positive potential showing the irreversible ammonia oxidation peak.
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typically associated with the formation of a chromogenic product
such as indophenol blue. The decreasing peak intensity across
cycles indicates loss of active sites followed by a decline in
the amount of ammonia produced, reflecting reduced catalytic
performance over time. The other bi byproducts, like hydrazine
and nitrite, were also quantified based on the calibration curve
(Figures S15–S18), which shows minimal impact on overall
ammonia production. The 1H-NMR spectrum provides direct
molecular evidence for ammonia formation during NORR over
CVS. The characteristic triplet peaks between 6.8 and 7.2 ppm
correspond to the ammonium ion (NH4

+), while the sharp signal
at ∼6.3 ppm arises from maleic acid, employed as an internal
standard. The clear resolution and strong intensity of NH4

+

signals, without interference from other nitrogenous byproducts,
confirm the high selectivity of CVS toward ammonia production,
complementing the previous band energy structure findings,
validating the catalyst’s selective mechanistic efficiency under
ambient conditions. The Faradaic efficiency obtained through
spectrophotometric (Indophenol blue) analysis showed a com-
parable trend to the 1H-NMR results, validating the accuracy
and reliability of the measurements (Figure S19). The average
standard deviation was calculated to be 1.19% [Table S1).

Further, driven by the high nitrate reduction activity of the
catalyst and to confirm its selective conversion pathway toward
8 of 14
ammonia over hydrogen under negative bias, electrocatalytic
experiments were performed in a custom-designed gas-tight H-
type cell with two compartments separated by a Nafion 117
membrane. This configuration enabled selective ionic transfer
while preventing gas crossover. Each compartment was filled
with a mixed electrolyte containing 0.1 m K2SO4 and 0.5 m
KNO3, and chronoamperometry was conducted at controlled
potentials. (The detailed Experimental setup was described in
the supporting information) At an applied potential of −0.9 V
versus RHE, the Gas Chromatography (GC) result exhibited
a strong ammonia peak at ∼1.6 min, representing ∼71.6% of
the detected products, along with a smaller hydrogen peak
(∼25.3%) at ∼16 min (Figure 6e). This indicates that under mild
cathodic bias, nitrate reduction predominantly yields ammonia
with suppressed hydrogen evolution. In contrast, at−1.4 V versus
RHE, the selectivity shifted dramatically: hydrogen became the
major product (∼89.6%), while ammonia production decreased
sharply to ∼5.6% (Figure 6f). These results clearly reveal the
potential-dependent competition between NORR and the HER,
where excessive cathodic bias favorsH2 generation over ammonia
selectivity, which is an outstanding advantage for the as-designed
electrocatalyst, as it shows significantly lower overpotential for
NORR over HER. Further, the distinct product peaks and quan-
titative yields underscore the efficiency of the catalytic system
at moderate potential and the robustness of the GC analysis.
Small, 2026
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FIGURE 6 (a) CA measurement at −1.3 V versus RHE for 50 consecutive cycles (b) the FE (%) over several catalytic Cycles corresponding UV–vis
spectra for NH3 detection through the indophenol bluemethod (c) 1H-NMR spectrum of the aliquot obtained from the chronoamperometric experiment
of the CVS catalyst at −1.3 V versus RHE (d) UV–vis spectra for NH3 detection through the indophenol blue method at different catalytic cycle (e)
Gas chromatograms of NORR products collected at applied potentials of (e) −0.9 V and (f) −1.4 V versus RHE. The inset in (e) shows the GC signal
corresponding to ammonia vapor.
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Together, these findings highlight that with this kind of active
catalyst, the near-neutral electrolyte system (pH ∼7) enables
effective nitrate-to-ammonia conversion at lower overpotentials,
while HER dominates at higher cathodic bias, underscoring the
importance of optimizing applied potential and designing robust
electrocatalysts to maximize ammonia selectivity. Comprehen-
sive experimental details regarding the quantification of products
and by-products are described in the Section S3. To augment
this observation, ex situ FTIR analysis has also been performed
on the collected reaction electrolyte at defined time intervals.
The characteristic vibrational features [Table S2) associated with
surface-bound nitrogen species provide additional evidence for
the formation and evolution of key intermediates, thereby sup-
porting a PCET mechanism governing the nitrate-to-ammonia
conversion (Figure S20).

After obtaining the CA performances, it is necessary to evaluate
the interfacial charge transfer processes through electrochemical
Small, 2026
impedance spectroscopy (EIS) by varying input potentials. The
Nyquist plots of CVS were (Figure S21a) recorded at −1.2, −1.3,
and −1.4 V versus RHE. The impedance spectra are charac-
terized by depressed semicircles followed by diffusion-related
tails, indicating a combination of charge transfer resistance and
mass transport limitations. (Figure S21b–d) shows the equivalent
circuit used to model the system, consisting of a series resistance
indicating the solution resistance (Rs), a parallel resistance (Rct)
representing the charge transfer resistance, a Warburg compo-
nent (W) and a constant phase element (CPE) that accounts
for surface heterogeneity and non-ideal double-layer capacitance.
The EIS plots for VS2 and CuS are depicted in (Figure S22) in
the same electrolyte medium varying similar potentials, and the
results are depicted in Table S3. The results clearly indicate that
the CVS catalyst shows much higher charge transfer efficiency
w.r.t. the VS2 and CuS catalysts. The value of all the crucial EIS
parameters again confirms the Cu-V synergy, which is beneficial
for efficient charge transfer kinetics through the moderately
9 of 14
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TABLE 1 Comparison of EIS parameters of all the catalyst at −1.3 V
vs RHE.

Catalyst Rs (Ohm) Rct (Ohm) CPE

CVS 9.98 2.17 14.6 µMho*sˆN
N = 0.631

VS2 15.2 3.86 8.65 µMho*sˆN
N = 0.597

CuS 11.4 3.83 10.6 µMho*sˆN N = 0.303
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rough/porous electrode surface for CVS compared to other binary
counterparts. The EIS parameters recorded at −1.3 V is shown in
Table 1.

The relatively lowRct of 2.17 Ω (@−1.3 V) observed for CVS can be
attributed to its unique crystal structure and electronic configu-
ration, where a narrow bandgap (∼1.7–1.9 eV) and significant d-d
orbital overlap between Cu andV centers, enhancing its electrical
conductivity. Additionally, the presence of sulfur supports faster
electronmobility and favorable adsorption of redox-active species
at the surface. The value of the CPE exponent (N = 0.642) reflects
the intrinsic surface roughness and moderate microstructural
inhomogeneity, typical of sulvanite-type materials can be well-
connected, with good electrolyte penetration and fast charge
transfer. These structural features synergistically contribute to
effective charge transport, making CVS a promising candidate for
potential electrocatalytic nitrate reduction. It has been encoun-
tered that the as-designed ternary sulfide demonstrates the lowest
Rct and the ‘N’ value above 0.5, indicating intrinsic crystal imper-
fections. This supports the idea that CVS can provide enhanced
electroactive surface area and complex interfacial dynamics that
are beneficial for electrocatalytic applications. On contrary the
individual components CuS and VS2 show the higher Rct value
and the ‘N’ value less than 0.5, indicating (i) possibly non-
uniform current distribution or poorly connected interfaces (ii)
varied electronic environments within the material, (iii) weak
interaction between electrolyte ions and electrode surface, (iv)
rapid dissolution or corrosion processes, (v) surface passivation
or fouling during measurement and (vi) electrochemical aging
or degradation during prolonged testing. Besides these the ECSA
plays a pivotal role in governing the electrocatalytic performance
of materials for the NORR. A higher ECSA indicates more
electrochemically accessible active sites, which can significantly
enhance the adsorption and activation of nitrogenous molecules,
leading to improved reaction kinetics and overall catalytic effi-
ciency. To calculate the ECSA of each of the catalysts deposited
on the electrode surface, cyclic voltammetry (CV) was performed
for each of the catalysts within a non-faradaic potential window,
varying the scan rate. The CV plots for CVS were recorded at
various scan rates ranging from 20 to 140 mV/sec, and the ∆j
(difference in current density at a fixed potential) shows a linear
relationship with scan rate, yielding a Cdl of 23.97 mF cm−2

(calculated using Equation S5). This high value suggests a large
ECSA,which is obtained to be 299.62 cm2 (Equation S6).However,
with respect to the CVS, the VS2 and the CuS exhibit significantly
lower Cdl values (15.3 and 4.52 mF cm−2), giving rise to reportedly
low ECSA (191.25 and 56.5 cm2) (Figure S23a–f). This observation
supports the enhanced charge transportation and potential for
electrocatalytic activity of CVS. Furthermore, a higher roughness
10 of 14
factor (RF) indicates more exposed active sites per unit area,
enhancing electrolyte accessibility (calculated using Equation
S7), facilitating reactant adsorption and electron transfer, leading
to higher current densities. The corresponding values are CVS
shows the highest RF of 599.24, suggesting a larger number of
active sites compared to VS2 (382.5) and CuS (113).

To confirm the post-electrocatalytic stability, PXRD and TEM
analyses were performed, which revealed minor changes in both
phase and morphology even after extended catalytic investiga-
tions (Figure S24). Future efforts may focus on developing more
robust catalyst structures, protective coatings, or regeneration
strategies to sustain high performance over extended cycling.
These characteristics collectively suggest that CVS possesses a
superior electrocatalytic interface for facilitating NORR, which
would likely result in significant ammonia yield and notable FE
under identical experimental conditions.

To gain atomic-level insight into the reaction kinetics, charge
density was theoretically calculated upon nitrate adsorption
onto the catalyst’s surface (Figure 7a,b). In this regard, Figures
S25–S27 shows the charge accumulation and depletion regions,
highlighting the nature of interaction between the nitrate ion
and the catalyst surface, providing insights into the adsorption
mechanism and electronic structure modulation. The calculated
binding energy of NO3

− on the CVS surface is approximately
−0.515 eV, indicating a thermodynamically favorable and mod-
erately strong interaction with the catalyst. In comparison, the
adsorption energies of NO3

− on CuS and VS2 were found to be
significantly higher, at 3.34 and 3.63 eV, respectively, suggesting
that these surfaces are less favorable for NO3

− adsorption. This
preferential adsorption is likely a key factor contributing to the
enhanced electrocatalytic performance of CVS. The probable
explanation for this kind of observation can be supported by
the previous electronic structure studies of CVS nanocrystals
by Dong et al. [45]. They have found an intermediate band,
predominantly composed of V 3d states, situated between the
valence and conduction bands, which creates distinct coordi-
nation environments at the metal centers. Importantly, XPS
further showed that vanadium is present in mixed oxidation
states, 54.9% V4+ and 45.1% V5+, while copper exists mainly
as Cu+ (84.8%) with a minor Cu2+ fraction (15.2%). The NO3

−

ion behaves as a hard base owing to the low polarizability of
its small oxygen donor atoms, rendering it a weak Lewis base
and a relatively poor ligand. Whereas, in CVS, the V4+/V5+

centers behave as hard acids by virtue of their high oxidation
states, high charge densities, and small ionic radii, whereas
the Cu+/Cu2+ centers are softer acids, characterized by lower
oxidation states, lower charge densities, and larger ionic radii.
According to Hard-Soft Acid-Base (HSAB) theory, hard acids
preferentially bind to hard bases; along with the higher oxidation
states of vanadium confer a stronger electrostatic attraction for
the nitrate ion compared to copper. In this view, the two charge
density difference plots in this work provide complementary
perspectives on the nitrate binding interaction on the V-Cu
surface. In the first image (side view) shown in Figure 7a,
the nitrate is clearly adsorbed above a vanadium (V, red) site,
with substantial charge depletion (cyan) observed around the V
atom. In contrast, the surrounding copper (Cu, blue & S, green)
atoms show negligible charge redistribution, suggesting their
limited involvement in the binding interaction. The second image
Small, 2026
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FIGURE 7 (a) Top and (b) side views of charge density difference for NO3
− adsorbed over CVS surface. The yellow and blue regions represent

electron accumulation and depletion, respectively, with an isosurface value of 0.0003 e/Å3. (c) Gibbs free energy profile for the electrocatalytic NORR
to NH3 over CVS slab model corresponding to (110) plane.
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(top view) shown in Figure 7b reinforces this observation by
highlighting strong charge accumulation and depletion directly
over the central V atom. The symmetrical lobes above the
vanadium further suggest notable orbital overlap between V and
nitrate, consistent with covalent or coordinate bonding. Mean-
while, the Cu atoms exhibit minimal electronic rearrangement,
reinforcing their secondary role. Together, these plots provide
clear evidence that nitrate preferentially binds to the vanadium
site, establishing V as the primary active center in the bimetallic
system, which is again supported by the XPS data, where we
get V5+ oxidation states. Figure 7c and Table S4 represent the
Gibbs free energy profile for the electrocatalytic NORR to NH3
over CVS, highlighting the stepwise transformation of surface-
bound intermediates through PCET mechanisms. The process
begins with NO3

− adsorption on the catalyst surface (*NO3
−)

followed by stepwise reduction through intermediates such as
*NO2

−, *NO, *HNO, and *H2NO. The initial step, adsorption
and activation of NO3

− to form *NO3
− emerges as the rate-

determining step (RDS), due to its significant uphill free energy
of +34.337 kcal/mol, indicating the highest energy barrier along
the reaction coordinate. Subsequent reductions are exergonic,
especially the transformation from *NO to *HNO, indicating
favorable energetics. The final steps to *NH2 and NH3 are
highly downhill, reflecting the strong thermodynamic driving
force for NH3 formation. This energy landscape highlights the
importance of catalyst design in stabilizing intermediates and
lowering kinetic barriers to enhance both activity and selectivity
in NORR. When adsorption is rate-limiting, the nature of the
active sites, their electronic structure, oxidation state, and orbital
hybridization capabilities become critical. In the case of oxo-
anions likeNO −, the catalystmust provide oxophilic centers (like
3

Small, 2026

v

V) to bind and activate NO3
− through strong V-O interactions,

making it easier to inject electrons into the π* orbitals of NO3
−.

These insights underscore the synergistic catalytic function of
CVS, where V facilitates nitrate adsorption followed by efficient
charge transport supported by Cu, together enabling favorable
NORR kinetics and selectivity toward green NH3 production.
The Gibbs free energy values calculated for the formation of
all intermediates during the NORR process over the CVS cat-
alyst are summarized in Section S5 and Table S2. The detailed
computational measurement protocols have been depicted in
Section S4.

As a practical viability, real-time electrocatalysis was conducted
on agricultural runoff water collected from Odisha University
of Agriculture and Technology (OUAT), Bhubaneswar, Odisha,
India. Initially, the collected water sample was centrifuged and
filtered to remove suspended particulates and soil residues
(Figure 8a). The nitrate concentration in the filtered water
was then quantified using a spectrophotometer. The pH of the
solutionwas adjusted to neutral before electrochemical reduction
studies, and the LSV was performed at a scan rate of 10 mV
s−1 (Figure 8b). The steady-state current density at an applied
potential of −0.79 V was observed to be approximately −36 mA
cm−2. It is noteworthy that this current density was slightly lower
than that observed in previous controlled experiments, possibly
due to the interference of other ionic or organic impurities
present in the real sample. Subsequently, CA measurements
were carried out for 30 min over two consecutive cycles to
evaluate the catalytic performance (Figure 8c). Post-reaction,
the nitrate concentration was re-measured spectrophotometri-
cally, revealing a conversion efficiency of approximately 59%,
11 of 14
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FIGURE 8 (a) Agricultural runoff water was collected from the vicinity of a nearby agricultural university for experimental analysis (b) LSV
polarization curve using CVS as a catalyst at a scan rate of 10 mv/sec (c) Chronoamperometric curve for subsequent two cycles at applied potential of
−0.78 V versus RHE.
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thereby confirming the ready-to-use practicability of the cata-
lyst under real environmental conditions. A complete literature
comparison of crucial parameters related to NH3 production
and real-world performance with our material is consolidated
in Table S5, which shows the as-designed CVS has tremendous
future implications toward green energy application upon further
modification.

3 Conclusion

In this study, the idea of a novel ternary Cu-V-S (CVS) nano-
electrocatalyst was conceived and successfully developed as a
strong potential candidate for efficient electrocatalysis toward
nitrate remediation and green ammonia synthesis. To the best
of our current knowledge, this catalyst has not been explored
previously, representing a new class of material with promising
catalytic prospects for various electrochemical as well as photo-
chemical applications. The optimized electronic structure, ideal
band energy alignment, andwell-engineered surface architecture
collectively enable favorable reaction thermodynamics and supe-
rior charge transfer kinetics. As a result, thematerial exhibits out-
standing electrocatalytic performance, with a significantly low
onset and overpotentials of −0.476 and −0.596 V at 10 mA cm−2,
with notably faster charge transfer kinetics having a Tafel slope
value of 34.1mVdec−1 compared to benchmark catalysts. Further,
the high ECSA of 299.62 cm2 and roughness factor of 599.24 sup-
port enhanced nitrate adsorption followed by facile reduction to
ammonia, contributing to its superior catalytic behavior. Another
important parameter of the catalyst, specifically its stability, was
evaluated over multiple catalytic cycles (up to the 50th cycle).
12 of 14
The catalyst exhibited a notably high FE of 91% and an ammonia
yield of 79 000 µg h−1 mg−1, maintaining both consistently over
long repeated cycles. Moreover, the catalyst also demonstrates
selectivity toward green ammonia production over hydrogen
with distinguished input potentials, examined by systematic
integration of GC experiments. The extensive theoretical study
confirms the experimental observations by evaluating reaction
energetics, including the RDS across the intermediates, which
clearly demonstrate the strong synergistic interaction between V
and Cu, further highlighting the applicability of this catalyst as
an efficient electroactive material. Finally, real-world application
tests using agricultural runoff water further enforce the catalyst’s
technological relevance not only for environmental pollution
mitigation but also for significant ammonia production with
a conversion rate of 59%. Overall, this newly designed CVS
nanocrystals present a catalytically promising, stable, and eco-
friendly solution for efficient electrochemical green ammonia
production strategy, offering valuable prospects for sustainable
nitrogen management and industrially relevant green energy
applications.
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