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ABSTRACT: Developing a sustainable synthesis method
for functionalized graphene remains in a great demand. In
this work, we developed a mechanochemical method for
graphene production from graphite with succinic acid as the
functionalization  agent.  Succinic acid effectively
functionalized the surface of graphite with oxygen
containing groups with the mechanical energy generated
during ball milling, resulting in smooth exfoliation of
graphene sheets. Density functional theory (DFT) and ab

initio molecular dynamics (AIMD) simulations calculations revealed that the intact carboxyl —COOH group of the succinic
acid interacts most favorably with the graphene surface, exhibiting a significantly lower adsorption energy barrier compared
to the epoxyl >O and hydroxyl —OH groups. This result helps understand the thermodynamically predominant role of
—COOH group in the functionalization and exfoliation process. On the other hand, the enriched oxygen groups provide
abundant nucleation sites, obtaining smaller Ni nanoclusters (8—10 nm) on the graphene. Using the exfoliated graphene
doped with highly dispersed Ni nanoclusters for electrochemical nitrate reduction yielded an outstanding ammonia
production rate of 12.9 mg-cm™2-h™' at —1.0 V versus reversible hydrogen electrode (RHE), with remarkable Faradaic
efficiency of 90% and selectivity of 78%. Overall, this study establishes a sustainable and scalable method to synthesize
functionalized graphene for efficient electrochemical conversion from nitrate to ammonia.

KEYWORDS: graphene, ball milling, exfoliation, succinic acid, nitrate reduction

1 Introduction

Graphene is a single-atom-thick sheet of carbon atoms organized in
a hexagonal lattice, exhibiting outstanding electrical and thermal
conductivities, superior mechanical strength, and an extensive
specific surface area [1]. These attributes make graphene a
promising candidate for diverse applications including energy
storage [2], electrocatalysis [3], gas separation [4], sensors [5], and
environmental remediation [6]. Established methods like chemical
vapor deposition (CVD) and electrochemical exfoliation are
hampered by tedious processes and high operational expenses [7],
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while chemical oxidation routes like the Hummers’ method rely on
corrosive reagents that generate substantial environmental hazards
[8]. In addition, the potential of graphene is hindered by both the
limitations of its scalable and sustainable synthesis as its sheets
restack via strong - and van der Waals interactions, highlighting
the need for controllable fabrication strategies [9]. This structural
challenge becomes particularly unfavorable in reactions such as
electrochemical nitrate (NO,") reduction to ammonia (NH,), where
maximizing active site exposure and efficient electron transfer are
essential for achieving high selectivity and Faradaic efficiency (FE)
[10]. Overcoming graphene restacking through controlled surface
functionalization and the incorporation of catalytically active metal
nanoclusters [11] represents a crucial step towards selective
conversion of NO;™ to NH; and other applications as well [12].
Mechanochemical ball milling has recently attracted attention as
a simple, scalable, and sustainable approach for producing high-
quality graphene sheets by delaminating graphite through shear
forces while largely preserving the integrity of the basal plane [13].
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However, this mechanochemical approach needs for precise control
over surface chemistry, which is essential for creating stable
anchoring sites for metal nanoclusters. Several additives such as dry
ice [14] oxalic acid, malic acid, tartaric acid [15], and xylitol [16]
have been explored to assist in the milling process. However, it has
been observed that these additives often exhibit poor exfoliation
efficiency because their hydrogen-bonding interactions with
graphite are insufficient to overcome the strong van der Waals
forces between graphene layers [17-20].

Succinic acid (SA), a United States Department of Agriculture
(USDA) certified bio-based compound [21], which can serve a dual
role during high-energy ball milling with stainless steel balls. Its
dicarboxylic groups act as “molecular scissors”, simultaneously
promoting graphite exfoliation and functionalizing the graphene
lattice with oxygen-containing groups (=O, -OH, and -COOH).
This strategy generates abundant edge sites and tailored defects
without damaging the basal plane, effectively minimizing n-m
restacking. Furthermore, oxygen-containing functional groups
enhance the graphene surface affinity toward metal precursors [22],
enabling strong coordination and electrostatic interactions with
metal ions. These sites act as nucleation centers, yielding uniformly
dispersed metal-based nanoclusters [23, 24].

Herein, we report the synthesis of succinic acid-functionalized
graphene (S,Gr) via a one-step mechanochemical ball milling
process. Afterwards, Ni nanoclusters were uniformly doped on the
SxGr. Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), and high-resolution transmission electron microscopy (HR-
TEM) were employed to investigate the speciation of oxygen-
containing groups and their role in modulating the electronic
structure of Ni. Additionally, a combination of density functional
theory (DFT) and ab initio molecular dynamics (AIMD)
simulations provided deep insights into the adsorption behavior
and interaction pathways of succinic acid on the graphene surface,
revealing its crucial role in initiating functionalization and
exfoliation. Electrochemical analyses confirm that S,Gr-Ni exhibits
excellent ammonia production rate of 129 mgh™cm™ with a
selectivity of 78%. Furthermore, tert-butanol (TBA) quenching
experiments were performed to confirm the key role of H* species,
as increased TBA dosage markedly inhibits nitrate reduction. This
study reports a novel strategy to produce functionalized graphene,
where oxygen-containing groups promote uniform dispersion of
metal cluster approximately 8-10 nm and enable efficient
electrochemical reduction of NO;™ to NH,.

2 Experimental section

2.1 Synthesis of Gr-Ni and S,Gr-Ni

The chemicals used in the experiments are summarized in the
Electronic Supplementary Material (ESM). Initially, pristine
graphite was subjected to mechanochemical ball milling at 500 rpm
for 48 h using 3 mm stainless steel balls with a powder to ball mass
ratio of 1:25 [25]. The milling process was operated in a cyclic mode
for 25 min of milling followed by 5 min of interval. The milled
product was thoroughly washed with 0.5 L of deionized (DI) H,O
and dried at 70 °C to obtain graphene denoted as Gr. To prepare
the functionalized support, graphite and C,H,O, were combined in
a mass ratio of 1:2 and milled under identical conditions like Gr.
The resulting solid was washed with 0.5 L of DI H,O and dried at
70 °C to yield succinic acid functionalized graphene denoted as
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SiGr. For catalyst preparation, 100 mg of each support was
dispersed in 45 mL of C,H;OH containing 100 mg of CH,N,O and
10 mg of NiCL.6H,O. The suspension was ultrasonicated for
90 min and magnetically stirred at 650 rpm for 16 h to ensure
homogeneous precursor distribution. Subsequently hydrothermal
treatment was carried out at 180 °C for 12 h. The obtained material
was washed, dried, and subjected to pyrolysis at 700 °C for 2 h
under N, atmosphere with a heating rate of 10 °C-min™ to prepare
the final catalysts denoted as Gr-Ni and S,Gr-Ni.

2.2 Characterization

The  comprehensive  structural and  physicochemical
characterizations were performed and detailed descriptions of the
instrumentation and experimental conditions are provided in the
ESM.

2.3 Electrochemical NO, reduction

The electrochemical experiments were conducted in a Gaoss Union
H-shaped electrolytic cell using a direct current (DC) power supply
as the power source. 80 mL of solution containing 1 M NaOH was
placed in the anode chamber, while 80 mL of 0.1 M NaNO; and
1-2 mL of 1 M NaOH to maintain the pH of 12.5 were added to
the cathode chamber. A platinum electrode and Ag/AgCl were used
as the counter and reference electrodes, respectively. Carbon paper
(2 cm x 2 cm) served as the working electrode. Nafion N117 proton
exchange membrane was pretreated by boiling it in 5 wt.% H,O,
and 5 wt.% H,SO.,. Initially, the carbon paper was washed with ethyl
alcohol and water before use. Subsequently, 3 mg of catalyst was
dispersed in 0.2 mL of Nafion solution, 0.1 mL of ethyl alcohol, and
0.2 mL of DI water and sonicated for 60 min. Then, 30 pL of the
catalyst ink was deposited onto the carbon paper and left to dry for
30 min in the ambient conditions. The linear sweep voltammetry
(LSV) curves and chronoamperometry were performed on the CHI
660E electrochemical instrumentation (Shanghai CH Instruments,
Inc.). Cyclic voltammetry (CV) measurements were conducted in
the cathodic chamber containing 1 M NaOH with 0.1 M NO;™ over
a potential large window of —0.9-+0.9 V vs. reversible hydrogen
electrode (RHE) to probe surface hydrogen adsorption behavior
relevant to nitrate reduction. All quantitative experiments were
carried out in triplicate, and the error bars are provided.

Additionally, the NO,, NO;, and NH, concentrations were
determined from standard calibration curves, as described in the
ESM. Detailed measurement procedures and the corresponding
calculations for ammonia yield rate, Faradaic efficiency, and
selectivity are provided in the ESM.

Ammonia was quantified using 'H nuclear magnetic resonance
(NMR) spectroscopy at 500 MHz with maleic acid as an internal
standard. The standard solutions of *NH,Cl with concentrations of
10, 20, 30, 40, and 50 mM were prepared, and a fixed amount of
maleic acid was dissolved in each 10 mL of solution. The pH was
adjusted to 2 by adding 150 pL of 3 wt.% HCI, and D,O was
introduced for signal locking. The identical protocol was used for
the “NH,CI control sample to enable direct comparison with the
“NH," product. The calibration curve was constructed using the
integral area ratio of "NH," to maleic acid, as shown in Figs. S11(a)
and S11(b) in the ESM. Subsequently, 200 mg of *NO,” was used in
the cathodic chamber of an H-cell. After 1 h of electrolysis, the
sample was collected, the pH was adjusted to 2, and the solution
was sealed in an NMR tube for measurements.
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24 DFT study of graphene exfoliation and free energy
calculations for the NO; reduction pathway

All calculations were performed using DFT within the Vienna ab
initio simulation package (VASP) [26, 27]. The exchange-
correlation interactions were described by the Perdew-Burke-
Ernzerhof (PBE) generalized-gradient approximation (GGA), with
van der Waals corrections accounted for using the DFT-D3 method
[28]. A periodic slab model was constructed to simulate the
interaction of succinic acid with graphene. The model consisted of a
four-layer graphene slab and a pre-optimized succinic acid
molecule. The supercell had lattice constants of 9.87 and 17.09 A
along the “a” and “b” axes, respectively, with a vacuum layer of
15 A added along the “c” axis to prevent spurious interactions
between periodic images. The following computational parameters
were applied: a plane-wave kinetic energy cutoff of 550 eV and a I'-
centered k-point mesh of 3 x 2 x 1 for sampling the Brillouin zone
for the graphene-succinic acid system, including intermediates and
products. Geometric convergence criteria were set to a total energy
change of less than 10 eV and atomic forces below 0.01 eV-A.

The equation used to determine the adsorption energy of
succinic acid on graphene(001) surface (GA) is as follows

AECOmp - ESA@GA - EGA - ESA (1)

where Ej, stands for the total energy of an isolated succinic acid in
the gas phase, and E,.qs and Eg, are the total energies with and
without succinic acid molecule adsorption on graphene surface,
respectively.

The interfaces were constructed by orienting the graphene(001)
surface in contact with two different nickel configurations: one with
Ni atoms and oxygen atoms (Gr-Ni) (Fig. S14 in the ESM) and
another with only Ni atoms for S,Gr-Ni (Fig. S15 in the ESM). The
adsorption of nitrogen intermediates onto both Gr-Ni and S,Gr-Ni
(Table S1 in the ESM) was then investigated to compare their
potential reactivity toward nitrate reduction.

2.5 In situ Raman spectroscopy

In situ Raman spectroscopy was performed using a Teflon cell
featuring a quartz window, which was positioned between the
sample and the objective lens, as illustrated in Fig. S11 in the ESM.
The working electrode was carbon fiber, while Ag/AgCl and Pt wire
were used as the reference and counter electrodes, respectively. The
electrolyte consisted of 0.1 M NaNO; in 0.5 M NaOH. A 532 nm
laser was used as the excitation source. Prior to measurements, the
open-circuit potential (OCP) was recorded, followed by potential-
dependent Raman measurements in the range of -0.2 V--1.0 V vs.
RHE. For each applied potential, the system was held under
constant electrochemical polarization for 30 min to obtain well-
resolved and stable Raman signals.

3 Results and discussion

3.1 Succinic acid assisted exfoliation of graphene

Gr-Ni and S,Gr-Ni were synthesized via ball-milling induced
exfoliation of pristine graphite and graphite-succinic-acid mixtures
to generate oxygen-functionalized graphene, respectively.
Afterwards, the preparation was followed by hydrothermal Ni
deposition and high-temperature pyrolysis, where succinic acid
derived oxygen functionalities act as anchoring sites that regulate Ni
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nucleation, suppress aggregation, and stabilize uniformly dispersed
Ni nanocluster, as observed in Fig. 1(a). Raman spectroscopy was
employed to evaluate the defect density and structural disorder of
graphene induced by succinic acid assisted exfoliation. Results
revealed that the Gr-Ni retains a sharp G band of ~ 1580 cm™ with
a better I/I;; ratio of 0.34 than the pristine graphite (Fig. S4 in the
ESM), indicating a largely intact sp* lattice with limited defect
formation (Fig. 1(b)). In contrast, S,Gr-Ni exhibits pronounced G-
band broadening and a substantially higher I/I; ratio of 0.98,
confirming defect generation and lattice strain induced by oxygen
functionalization and exfoliation. This structural disorder directly
correlates with N, sorption isotherms, as S,Gr-Ni delivers a high
Brunauer-Emmett-Teller (BET) surface area of 96 m*g™ compared
to only 5 m*g™ for Gr-Ni, as depicted in Fig. 1(c).

The oxygen enrichment observed in S,Gr-Ni is not incidental
but arises from a chemically selective exfoliation pathway driven by
succinic acid, which is directly reflected in the C 1s XPS spectra
(Figs. 2(a) and 2(b)) derived from the full XPS survey spectra
shown in Figs. S5(a) and S5(b) in the ESM. The deconvolution of
the C 1s spectra of Gr-Ni (Fig. 2(a)) and S,Gr-Ni (Fig. 2(b)) shows
a dominant sp* C-C peak at 284.8 eV [29, 30], confirming that the
ni-conjugated graphene backbone remains largely intact, while
additional oxygen-derived components emerge at higher binding
energies. Notably, the strong intensities of the C-O (286.6 ¢V) and
C=0 (288.1 eV) peaks [31], together with the broader O=C-O
signal at 289.1 eV [32] in Fig 2(b), demonstrate substantial
enrichment of carboxyl-derived functionalities introduced during
succinic-acid-assisted exfoliation.

These experimental observations were further rationalized by
density functional theory and ab initio molecular dynamics
simulations. The simulations reveal, at the atomic level, how
succinic acid-derived carboxyl groups preferentially adsorb,
dissociate, and electronically interact with graphene to drive oxygen
enrichment, exfoliation, and interfacial functionalization. With the
calculated DFT and AIMD simulations shown in Figs. S6 and S7 in
the ESM, succinic acid preferentially adsorbs in a planar
configuration where both carboxyl groups engage the graphene
surface, yielding a high adsorption energy of —0.85 eV and a short
interfacial distance of 2.70 A (Figs. 2(c) and 2(d)). In contrast, the T-
shaped configuration involving a single interacting carboxyl group
(Figs. 2(e) and 2(f)) is significantly less stable (-0.18 eV,
3.12 A), conclusively identifying ~-COOH as the thermodynamically
preferred exfoliating unit.

Reaction-pathway analysis further reveals that surface-mediated
cleavage of succinic acid proceeds most favorably via the -COOH
and -CH,COOH routes, whereas the -OH and -O- pathways
exhibit substantially higher energy barriers, as presented in Fig. 2(g).
Specifically, after adsorption of succinic acid onto graphene at
—0.85 eV, as shown in Fig. 2(c), the calculated activation barriers for
intermediate formation are 3.50 eV for -CH,COOH and 3.56 eV
for -COOH, which are significantly lower than those for the -O-
(4.04 eV) and -OH (4.53 eV) pathways. Following dissociation, the
product-state energies further confirm this trend: —0.58 eV for
-0-, 0.17 eV for -OH, 1.02 eV for -CH,COOH, and 1.33 eV for
—-COOH fragments.

Various reaction pathways illustrating the dissociation of succinic
acid on the graphene surface are also presented in Fig. S8 in the
ESM. These results indicate that carboxyl (-COOH)-derived
intermediates preferentially govern the exfoliation process and
become covalently integrated at the graphene edges, rather than
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Figure1 (a) Synthesis procedure of the catalysts Gr-Niand S,Gr-Ni. (b) Raman spectra and (c) BET analysis of the prepared catalysts.

remaining weakly physisorbed on the surface. This is consistent
with the higher XPS intensity of C=O and O-C=O species
(Fig. 2(b)), confirming that oxygen functionalities are structurally
anchored within the graphene lattice, thereby creating robust
anchoring sites for subsequent metal deposition.

3.2 Effective doping Ni nanocluster on exfoliated

graphene

Importantly, the carboxyl-rich edge functionalities generated during
succinic acid exfoliation suppress graphene restacking and create
abundant active sites for Ni anchoring. These sites promote the
controlled nucleation and stabilization of highly dispersed Ni
nanoclusters, preventing their aggregation into larger metallic
particles. This structural property relationship is directly visualized
by scanning electron microscopy (SEM), which reveals that Gr-Ni,
lacking oxygen anchoring sites, undergoes uncontrolled Ni
amalgamation, forming large aggregates of size of 60-80 nn, as
observed in Figs. 3(a) and 3(b). In stark contrast, S,Gr-Ni displays a
homogeneous distribution of finely confined Ni nanoparticles of
8-10 nm uniformly anchored across exfoliated graphene sheets
(Figs. 3(d) and 3(e)). This quantitatively confirms the presence of
small and well-exfoliated graphene platelets and the fine Ni
nanoparticles, as observed in the SEM images and energy dispersive
X-ray spectroscopy (EDS) mappings, which can be observed in
Figs. S9 and S10 in the ESM for Gr-Ni and S,Gr-Ni, respectively.
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Particle size distribution analysis quantitatively corroborates this
transition, with Gr-Ni exhibiting a dominant peak at ~ 0.6 pm,
indicative of severe aggregation (Fig. 3(c)), whereas S,Gr-Ni shows
a narrow size distribution within 0.1-0.4 pm with maxima at
~ 0.11 pm, confirming effective exfoliation and controlled Ni
growth (Fig. 3(f)).

High-resolution TEM and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images clearly reveal the structural differences between the two
catalysts. In Gr-Ni (Fig. 3(g)), Ni appears as relatively large and
compact nanoparticles with an average size of 60-80 nm, as
confirmed by the particle size distribution histogram. These
particles are irregularly shaped and partially detached from the
graphene surface, indicating limited interfacial contact and a
tendency toward aggregation. The weak interaction between Ni and
pristine graphene results in reduced dispersion and fewer accessible
interfacial active sites.

In contrast, S,Gr-Ni (Fig. 3(h)) exhibits uniformly distributed Ni
nanoclusters with a significantly smaller average size of 8-10 nm.
The histogram confirms the narrow particle size distribution,
indicating controlled nucleation. Notably, the nanoclusters are
preferentially anchored along the graphene edges and oxygen-
enriched regions (highlighted in the image), suggesting strong
metal-support interaction. This intimate coupling maximizes
exposed active surface area and interfacial contact.

The differences in structural development become more

(B 7% 2 | Sci@pen
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Figure2 ((a) and (b)) Deconvoluted C 1s XPS spectra for (a) Gr-Ni and (b) S,Gr-Ni. ((c) and (e)) Succinic acid interacting with a graphene layer in (c) planar
configuration and (e) T-shaped configuration, and ((d) and (f)) the corresponding three-dimensional charge density difference for each SA/graphene interface. (g)
Computed reaction mechanism and energy landscape for succinic acid dissociation on graphene, illustrating a key step in the exfoliation process.
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Figure3 ((a) and (b)) SEM images of Gr-Ni and (c) corresponding analysis of particle size versus CPS of Gr-Ni. ((d) and (e)) SEM images of S,Gr-Ni and (f)
corresponding analysis of particle size versus CPS of S,Gr-Ni. ((g) and (h)) TEM images of (g) Gr-Ni along with an inset of calculated average particle size and (h) S,Gr-

Ni along with an inset of calculated average particle size at 200 nm resolution.

pronounced in the HR-TEM and corresponding fast Fourier
transform (FFT) analyses in Fig. 4, which reveal fundamentally
distinct Ni growth behaviors in the two systems. In Gr-Ni, large
and irregular particles dominate, where lattice fringes of 0.203 nm
(Fig. 4(a)) correspond to Ni(111) [33], yet surface discontinuities
and additional fringes of 0.240 nm [34] assigned to NiO(211) [35]
indicate partial oxidation (Fig. 4(b)). The broadened and diffuse
FFT features further reflect mixed crystalline domains and
structural disorder. This structural heterogeneity is further
corroborated by HAADF imaging of Gr-Ni (Figs. 4(e)—4(h)), where
the spatial distribution of Ni (Fig. 4(f)) and O (Fig. 4(h)) does not
fully overlap, indicating non-uniform interfacial interaction and
localized oxidation.

In Gr-Ni, the deconvolution of O 1s spectra is dominated by a
pronounced peak centered at ~ 531 eV (Fig. 4(m)), which is
characteristic of lattice oxygen associated with Ni-O bonds
(NiO«/Ni(OH), species). This observation confirms that a
substantial fraction of surface Ni is present in oxidized form,
consistent with the Ni** dominated Ni 2p spectrum, as depicted in
Fig. 4(o). Additional peaks at higher binding energies from
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~ 531 to 534 eV, typically attributed to C=O and C-OH,
respectively, are comparatively limited, reflecting the low density of
intrinsic oxygen functionalities on bare graphene (Fig. 4(m)). The
predominance of the Ni-O component in the O 1Is spectrum
therefore indicates that oxygen is mainly involved in Ni oxidation
rather than interfacial Ni-O-C coordination. This supports the
scenario in which, due to insufficient anchoring groups, Ni species
undergo surface oxidation and aggregate into larger NiO-rich
particles, as observed in HR-TEM images.

However, S,Gr-Ni forms uniformly dispersed nanoclusters with
continuous d-spacing of 0.200 nm Ni(311) lattice fringes (Fig. 4(c))
and no detectable NiO-related spacing. The FFT patterns presented
in Fig. 4(d) exhibit sharp and symmetric spots that index to the
Ni(311) crystallographic plane. This confirms that the catalytically
active phase is the metallic Ni layer. In contrast, for Gr-Ni, the NiO
layer was identified as the active layer for NO, reduction
(Fig. 4(b)). This structural information serves as a reliable input for
constructing DFT models to predict the mechanism of NO,
reduction to NH,. The elemental maps in Figs. 4(j) (Ni) and 4(1)
(O) for S,Gr-Ni show that O is distributed over a broader area,
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Figure4 (a) High resolution TEM image of Gr-Ni and its FFT patters. (b) FFT patters of Gr-Ni outer layer. (c) TEM image of S,Gr-Ni and its FFT patterns. (d) FFT
patters of S,Gr-Ni outer layer. (¢) HAADF image of Gr-Ni and ((f)~(h)) corresponding EDS mappings. (i) HAADF image of S,Gr-Ni and ((j)—(1)) corresponding EDS
mappings. ((m) and (n)) Deconvoluted O 1s XPS spectra of (m) Gr-Ni and (n) S,GR-Ni. ((0) and (p)) Deconvoluted Ni 2p XPS spectra of (0) Gr-Ni and (p) S,Gr-Ni.

while Ni is confined within these O-rich domains. This suggests
that oxygen functionalities encapsulate and stabilize the Ni
nanoclusters, restricting particle aggregation. Correspondingly, XPS
spectra (Fig. 4(n)) reveals intensified C=0 (~ 533.1 eV) and C-O
(~ 532.2 eV) peaks in O 1s, together with a stronger metallic Ni’

(B dF 4% mm

Y Tinghua U Pre

peak at ~ 852.0 eV (Fig. 4(p)) [36] and attenuated satellite features
at 857.8 eV, indicating enhanced electronic screening and
suppressed bulk oxidation.

Collectively, the sharper and higher-intensity FFT reflections,
enriched oxygen-functional group signals, and strengthened Ni’

i | Sci@pen 94908824 (7 of 13) Nano Research, 2026, 19, 94908824
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XPS peaks demonstrate that oxygen-functionalized graphene
promotes the formation of highly crystalline, electronically
stabilized Ni nanoclusters while preventing extensive NiO
formation.

3.3 Electrochemical nitrate reduction with S,Gr-Ni

To evaluate and compare the electrocatalytic NO,  reduction
performance, both Ni-based graphene catalysts were tested using a
standard three-electrode configuration in a divided H-type
electrochemical cell. The electrocatalytic behavior of the catalysts
was first evaluated by LSV in 1 M NaOH with and without NO; at
potential between 1.2 and -1.2 V vs. RHE, as represented in
Fig. 5(a). Bare carbon paper shows negligible current response,
confirming its electrochemical inertness. Notably, both Gr-Ni and
SaGr-Ni exhibited substantially higher current densities in NO;
containing electrolytes than in NO, free solutions. This NO,
dependent current enhancement confirms the intrinsic NO; RR
activity of the catalysts [37] and their effective suppression of
parasitic HER under the applied potentials [38, 39]. Particularly,
SaGr-Ni delivers substantially higher current densities across the
entire cathodic window, reaching —55--58 mA-cm™ at —1.0 V vs.
RHE, surpassing Gr-Ni (~ —47 mA-cm™), indicative of accelerated
nitrate reduction kinetics.

Chronoamperometric (i vs. f) measurements coupled with
quantitative product analysis provide direct evidence of the catalytic
activity. S,Gr-Ni achieves a peak NH, production rate of

12.9 mg-h™.cm™, as shown in Fig. 5(b), with a Faradaic efficiency of
90% (Fig 5(c)) at a potential of —1.2 V vs. RHE, representing an
enhancement of 70% in yield and an increase of 12% in FE
compared to Gr-Ni under identical conditions. The stable current
profiles over 90 min further confirm sustained catalytic operation
without noticeable deactivation.

Electrochemical impedance  spectroscopy (EIS) further
corroborates this trend, where S,Gr-Ni exhibits a markedly smaller
semicircle diameter than Gr-Ni (Fig. 5(d)), reflecting lower charge-
transfer resistance (R,) and reflecting faster interfacial
electron—proton kinetics [40] enabled by the oxygen-rich graphene-
Ni nanocluster. These findings are further supported by CV
measurements. Compared to Gr-Ni (Fig. 5(e)), S,Gr-Ni (Fig. 5(f))
exhibits a markedly higher capacitive current and more
pronounced cathodic features in the negative potential region from
-0.6 to 0.9 V vs. RHE, indicative of an increased density of
adsorbed hydrogen intermediates (H*). These broadened H
adsorption/desorption responses suggest a wider distribution of
stabilized H* species on S,Gr-Ni. In contrast, Gr-Ni displays weaker
and less distinct H* features, consistent with hydrogen adsorption
which might be occurring predominantly irregular Ni surfaces.
Whereas, the enhanced H* reservoir on S,Gr-Ni facilitates proton-
coupled electron transfer to adsorbed NO,/NO, intermediates,
leading to higher NH, yield and Faradaic efficiency [36]

Furthermore, TBA scavenger experiments corroborate the
involvement of hydrogen-related intermediates in the nitrate

Figure5 (a) LSV curve of the bare carbon paper, Gr-Ni, and S,Gr-Ni. (b) NH, yield rate, (c) Faradaic efficiency, and (d) EIS plots of Gr-Ni and S,Gr-Ni. ((e) and (f)) CV
measurements of (¢) Gr-Ni and (f) S,Gr-Ni. ((g) and (h)) TBA quenching experiments for (g) Gr-Ni and (h) S,Gr-Ni. ((i) and (j)) 'H NMR spectra of the electrolyte after
the electrocatalytic nitrate reduction reaction using *NO;™ and “NO; as the nitrogen source for (i) Gr-Ni and (j) S,Gr-Ni. (k) Long-term stability testing of S,Gr-Ni in a

flow cell configuration.
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reduction mechanism. Upon the addition of TBA, the NH, yield
evaluated at —1.0 V vs. RHE over 300 min in 200 mgL* NO,
decreases sharply for Gr-Ni (Fig. 5(g)), indicating that its nitrate
reduction activity predominantly depends on weakly adsorbed
surface hydrogen intermediates (H*), which are readily scavenged
by TBA. In contrast, S,Gr-Ni retains substantially higher activity
under identical conditions (Fig. 5(h)), demonstrating a reduced
sensitivity to H* quenching. This behavior indicates that S,Gr-Ni
stabilizes hydrogen species more effectively through Ni nanocluster
formation which might provide alternative proton reservoirs
beyond transient surface radicals.

Isotopic labeling experiments performed provided the clear
evidence for the origin of NH,. The 'H NMR spectra exhibit distinct
doublets at 6.90 ppm for Gr-Ni (Fig. 5(i)) and at 7.07 ppm for S,Gr-
Ni (Fig. 5(j)), characteristic of “NH," formed through 'H-"N
coupling. This unequivocally confirms that ammonia is generated
from NO,™ reduction. For comparison, the 'H NMR spectrum of
the control sample “NO," shows a characteristic triplet between 6.8
and 7.1 ppm, consistent with “NH,". The distinct difference
between the doublet and triplet patterns further supports the
successful isotopic labeling and the exclusive origin of NH;, from
NO,™ reduction. Moreover, no ammonia signal was observed in the
absence of nitrate (Fig. S11(c) in the ESM), effectively ruling out
any contribution either from contamination or catalyst-derived
nitrogen. The ammonia yield of S,Gr-Ni quantified by NMR by
using the standard curve shown in Fig. Sll(a) in the ESM is
10.8 mgh™.cm®, which agrees well with the ultraviolet-visible
(UV-vis) value of 12.9 mg:h™.cm™, as depicted in Fig. S11(d) in the
ESM. The Faradaic efficiency obtained from NMR is about 80%,
slightly lower than the 90% measured by UV-vis, but both methods
show consistent trends for the catalyst S,Gr-Ni.

Additionally, under continuous flow operation at a constant
applied potential of -1.2 V vs. RHE in 1 M NaOH and 0.1 M
NaNO,, the S,Gr-Ni catalyst maintained a stable current density
over 20 h, as depicted in Fig. 5(k). The current density initially
stabilized at 68.9 mA-cm™ within the first hour and then remained

nearly constant between —62 and —-68 mA-cm™ for the remaining
duration. Importantly, the final current density at 20 h is
approximately —67.4 mA-cm”, which is 97.8% of the current
density at 1 h of -68.9 mA-cm?, indicating negligible decay during
extended operation and confirming that the catalyst is intrinsically
robust under practical reaction conditions.

34 Selectivity and stability of S,Gr-Ni for electrochemical
ammonia generation

The time-dependent NO,™ reduction profiles provide direct kinetic
evidence of the distinct reaction pathways on the two catalysts. For
Gr-Ni (Fig. 6(a)), NO,™ concentration gradually decreases from
100% to 25% over 300 min; however, a significant accumulation of
NO, is observed, reaching 29.2% at the end of electrolysis.
Concurrently, NH, formation increases slowly and reaches only
50.2%, while 20.6% of nitrogen remains distributed in other
byproducts, as shown in the pie chart in Fig. 6(b). The pronounced
NO, buildup indicates that the hydrogenation of *NO, and
subsequent intermediates is kinetically limited, interrupting the
multi-electron transfer cascade and lowering overall NH,; selectivity.
In contrast, S,Gr-Ni exhibits a markedly different behavior. NO;" is
rapidly consumed to below 15% within 300 min (Fig. 6(c)), while
NO, remains at a minimal level of 7.8% throughout the reaction.
NH, production increases steadily to 85.6%, with only 6.6%
assigned to other nitrogen species, as depicted in Fig. 6(d). This
suppressed nitrite accumulation demonstrates a continuous and
efficient hydrogenation sequence from NO; to NH, without
intermediate stagnation.

The selectivity trend as a function of applied potential further
supports this observation, which is evident in Fig. 6(e). At a
potential of —1.2 V vs. RHE, S,Gr-Ni achieves an NH, selectivity of
78%, significantly higher than the 48% obtained for Gr-Ni under
identical conditions. Moreover, the NH; yield rate remains stable at
12-13 mg-h™-cm™ with a Faradaic efficiency close to 85%-90% over
20 consecutive cycles (Fig. 6(f)), confirming both kinetic superiority
and operational durability.
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Figure6 ((a)-(d)) Time-dependent evolution of nitrogen-containing species during electrochemical nitrate reduction on (a) Gr-Ni and (b) the corresponding product
distribution summarized as a pie chart, and on (c) S,Gr-Ni with (d) its corresponding pie chart. (e) Selectivity toward NH, formation for the two catalysts. (f) Cycling

stability of S,Gr-Ni during repeated nitrate reduction tests.
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3.5 Structural evolution and mechanistic investigation

To elucidate the structural reconstruction and identify the active
phase of S,Gr-Ni during nitrate reduction, the Ni oxidation state
was examined by high-resolution XPS. After NO; reduction
reaction at —0.4 V vs. RHE, the deconvoluted Ni 2p spectrum of
SaGr-Ni shows a pronounced increase in the metallic Ni* peak at
851.9 eV, accompanied by a characteristic satellite feature at
8579 eV, as shown in Fig. 7(a). In contrast, the relative
contributions of oxidized Ni* and Ni* species are significantly
decreased compared to those in the fresh S,Gr-Ni sample
(Fig. 4(p)), indicating that the catalyst surface undergoes reduction
under cathodic potentials. This transformation suggests the
formation of an electron-rich Ni’ phase during operation. This

observation is further corroborated by in situ Raman spectroscopy,
as shown in Fig. 7(b). At open-circuit potential (OCP), the Raman
spectrum reveals a characteristic peak at 450 cm™ corresponding to
the Ni(OH), phase [41] of S,Gr-Ni. Upon application of cathodic
potentials, this peak gradually diminishes, suggesting conversion to
a reduced nickel phase that is not Raman-active. To identify
reaction intermediates for subsequent DFT analysis, we first
observed a bending mode of the -NO, group at 790 cm™ [39],
followed by stretching vibrations of NO;™ at 1047 cm-cm™ and
adsorbed NO; (,NO;") at 1087 cm-cm™* [42]. The reduction of NO;~
to NO, occurs at cathodic potentials of —-02 V vs. RHE.
Afterwards, asymmetric vibrations characteristic of the -NH,
emerges at 1180 cm™ [43] (0.4 V vs. RHE). The emergence of
—-NH moieties after NO,” formation suggests a sequential reduction

Figure7 (a) High-resolution XPS Ni 2p spectra of S,Gr-Ni after NO;" reduction at —0.4 V vs. RHE. (b) In situ Raman spectra of S,Gr-Ni measured at OCP and various
cathodic potentials (vs. RHE) during NO,™ reduction. (c) PDOS sates of S,Gr-Ni and Gr-Ni before and after NO, adsorption, and d-band center values have provided in
eV. ((d) and (e)) Charge density distribution of (d) S,Gr-Ni and (e) Gr-Ni. (f) Calculated free-energy diagrams for the NO," reduction reaction on Gr-Ni and S,Gr-Ni,
illustrating the relative Gibbs free energies of the adsorbed intermediates along the reaction pathway. The insets show the optimized structural models for both catalysts
with representative adsorbed configurations. In the atomic models, carbon atoms (graphene) are depicted in black, Ni atoms in gold, oxygen atoms in red, hydrogen
atoms in white, and nitrogen atoms in blue.
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pathway in which NO,™ is first converted to NO,;, followed by
stepwise hydrogenation to NH,. Additionally, the D and G bands of
SAGr-Ni are observed at 1351 and 1610 cm™, respectively, at OCP
(Fig. S12 in the ESM). However at 1.0 V vs. RHE, the attenuation
of the D band indicates a decrease in defect-related disorder, which
may arise either from surface reconstruction or intermediate
adsorption during NO, reduction [44]. Collectively, these
spectroscopic findings identify the reduced nickel phase, most
reasonably metallic Ni’ as the active site for nitrate reduction,
thereby providing a critical experimental foundation for
constructing realistic DFT simulation models.

DFT calculations provide further mechanistic insight into the
superior NH; production activity of S,Gr-Ni. The projected density
of states (PDOS) shown in Fig. 7(c) reveals that the Ni 3d d-band
center for S,Gr Ni is located at —0.87 eV, which is upshifted by
0.59 eV relative to that of Gr-Ni (—1.46 eV). This upshift indicates a
stronger electronic interaction between the Ni active sites and NO;,
thereby facilitating its adsorption and activation [45]. Upon NO;
adsorption, the d-band centers of both systems shift toward the
Fermi level, reaching —1.48 eV for S,Gr-Ni and —1.52 eV for Gr-Ni.
This positive shift reflects significant electronic coupling between
the adsorbate and the Ni active sites.

Charge density distribution maps additionally clarify this by
revealing more intensified and spatially confined electron
localization lobes around Ni in S,Gr-Ni (Fig. 7(d)), indicating
stronger directional orbital hybridization between Ni and NO;
compared to Gr-Ni (Fig. 7(e)). Consequently, this finding is
consistent with the electronic structure characteristics revealed by
the DFT-simulated models (Table S1 in the ESM). Based on the
optimized structures, the reaction pathway involves the adsorption
of NO;, successive deoxygenation steps (*NO, > *NO, > *NO >
*N), followed by stepwise hydrogenation (*N > *NH > * NH, >
*NH,), and finally NH, desorption (Fig. 7(f)). Structural models of
Gr-Ni (Fig. S14 in the ESM) and S,Gr-Ni (Fig. S15 in the ESM)
with all elementary intermediates adsorbed were constructed, and
the free energies of each proton—electron transfer step were
calculated. Both catalysts exhibit the highest uphill barrier at the
*NO > *N step, identifying it as the rate-determining step, as shown
in the first highlighted region of Fig. 7(f). For Gr-Ni, this step
requires an energy input of 1.8 eV, indicating sluggish N-O bond
cleavage and a strong tendency toward incomplete reduction. In
contrast, S,Gr-Ni shows a significantly reduced barrier of 0.8 eV,
lowered by approximately 1.0 eV, demonstrating facilitated
deoxygenation kinetics.

Furthermore, the elementary step from *NO, to NO, displays
fundamentally different thermodynamic behavior on the two
catalysts. On S,Gr-Nij, this step proceeds downhill in free energy,
indicating spontaneous nitrate activation. In contrast, on Gr-Ni the
same transformation remains uphill, reflecting insufficient
activation of surface-bound nitrate. The downhill character on S,Gr-
Ni prevents intermediate accumulation and enables continuous
reduction, whereas the uphill barrier on Gr-Ni favors partial
reduction and nitrite release, thereby limiting ammonia selectivity
[46, 47]. The more balanced energetics across subsequent
hydrogenation steps (*N > *NH > *NH, - *NH,) on S,Gr-Ni
avoid excessive stabilization of intermediates, enabling a continuous
multi-electron transfer cascade toward NH, formation. The reduced
RDS barrier and optimized intermediate stabilization on S,Gr-Ni
provide strong theoretical evidence for its superior NH; selectivity,
consistent with the experimentally observed 78% at —1.2 V vs. RHE

(B 7% 2w | Sci@pen
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compared to 48% for Gr-Ni. Collectively, these observations
establish S,Gr-Ni as a superior catalyst for ammonia production
and selectivity compared to the other catalysts evaluated, as
summarized in Table S2 in the ESM.

4 Conclusions

In summary, we demonstrated that succinic-acid functionalization
fundamentally transforms graphene from an inert support into an
oxygen-enriched and catalytically active support that governs Ni
nucleation, electronic structure, and reaction selectivity for
electrochemical nitrate reduction. Carboxyl-derived oxygen groups
preferentially anchor Ni nanoclsuter of size of 8-10 nm as
DFT/AIMD simulations identifying intact -COOH groups as the
dominant exfoliating and coordinating units. Interfacial oxygen
enrichment stabilizes partially oxidized Ni’/Ni* sites and suppresses
graphene restacking, yielding a high surface area of 96 m*g™. The
nanocluster Ni interface in S,Gr-Ni optimizes hydrogen adsorption
and sustains H* availability, as evidenced by enhanced H
adsorption features in CVs, reduced charge-transfer resistance, and
mitigated NH,; activity loss upon TBA addition. Consequently, S,Gr-
Ni delivers a high NH, yield rate of 12.9 mg-h™"-cm™ with a Faradaic
efficiency of ~ 90% at —-1.2 V vs RHE, outperforming Gr-Ni by
~ 70% in yield and ~ 12% in FE. Kinetic and selectivity studies
further reveal rapid NO,  conversion with minimal NO,
accumulation and stable performance over repeated cycles,
highlighting the decisive role of carboxyl-mediated exfoliation
resulted in formation of Ni cluster coupling in steering proton-
coupled electron transfer toward selective ammonia formation. This
study establishes oxygen-engineered graphene-Ni nanocluster as a
powerful design principle for high-rate and selective nitrate-to-
ammonia electrocatalysis.

Electronic Supplementary Material: Supplementary material
(chemicals and reagents, instrument calibration curves, Raman and
XPS spectra, DFT-optimized structures, NMR spectra, and a
comparison table of the catalytic performance with previously
reported catalysts) is available in the online version of this article at
https://doi.org/10.26599/NR.2026.94908824.
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