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Electrocatalysts containing a Ni/NiO/N-doped graphene interface

have been synthesised using the ligand-assisted chemical vapor

deposition technique. NiO nanoparticles were used as the substrate to

growN-doped graphene by decomposing vapours of benzene and N-

containing ligands. Themethodwas demonstrated with two nitrogen-

containing ligands, namely dipyrazino[2,3-f:20,30-h]quinoxaline-
2,3,6,7,10,11-hexacarbonitrile (L) and melamine (M). The structure

and composition of the as-synthesized composites were character-

ized by XRD, Raman spectroscopy, SEM, TEM and XPS. The composite

prepared using the ligand L had NiO sandwiched between Ni and N-

doped graphene and showed an overpotential of 292 mV at 10 mA

cm−2 and a Tafel slope of 45.41 mV dec−1 for the OER, which is

comparable to the existing noble metal catalysts. The composite

prepared using the ligand M had Ni encapsulated by N-doped gra-

phene without NiO. It showed an overpotential of 390 mV at 10 mA

cm−2 and a Tafel slope of 78.9 mV dec−1. The ligand-assisted CVD

route demonstrates a facile route to control the microstructure of the

electrocatalysts.
1. Introduction

Electrocatalytic water splitting is a promising and scalable
technology to renewably produce green hydrogen. The success
of this technology hinges on the development of efficient, low-
cost electrocatalysts for the sluggish oxygen evolution reaction
(OER). Although noble metals are outstanding in their perfor-
mance, their high cost is an impediment to the translational
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success of the technology. Extensive studies on transition metal
oxides based on Co,1,2 Ni,3–5 Mn,6,7 Fe,8 Cu,9,10 and Zn11 in the
form of simple,12 doped,13–15 and mixed oxides,16,17 layered
double hydroxides18,19 in nanostructured forms,20,21 porous
architectures22 or nanocomposites23–27 underscore their promi-
nence as economically viable alternatives to noble metal-based
electrocatalysts. Conventionally, the nanocomposites of transi-
tion metals and oxides with graphene have been attractive as
they offered a good electrochemical performance due to high
electrical conductivity, surface area, and specic capacitance
(2573 F g−1) with low fabrication costs.20,21,28–31 Defects in the
form of heteroatomic doping on graphene have been shown not
only to improve the conductivity but also increase the adsorp-
tion of reactants. In recent years, the crucial role of the micro-
structure of catalysts on the performance has come to the fore.
Besides the right composition, the microstructure of an elec-
trocatalyst has been recognized to enhance seamless electronic
interaction between its different components, that eventually
results in superior reaction kinetics. Particularly, the metal–
metal oxide interfaces on electrocatalysts are interesting as they
favour the formation of oxygen vacancies, which can activate the
reactants, as well as aid in an efficient charge transfer.32,33

Considering these results, structured nanocomposites such as
metal/metal oxide/N-doped graphene is likely to hold the key to
higher efficiency due to favorable chemisorption as well as
charge transfer kinetics in the OER.31 Although microstructured
electrocatalysts are an interesting target, their synthesis in
a scalable fashion is a non-trivial subject. Solution-based
chemical synthetic routes adopted to obtain such N-doped
graphene–metal/metal oxide nanocomposites typically involve
the preparation of graphene/graphene oxide or vice versa fol-
lowed by the deposition of metal oxide nanoparticles on its
surface, followed by a redox step to obtain the required micro-
structure. Such methods result in poor interfacial interaction
and hence higher performance is not fully recognized. A facile
method to synthesize composites with control over the micro-
structure is critical to realize better OER catalysts. In this work,
we have synthesized the composites of Ni/NiO and N-doped
Nanoscale Adv., 2024, 6, 2813–2822 | 2813
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graphene using the chemical vapor deposition (CVD) technique.
In this scalable route, carbon can be intimately deposited on the
surface of a substrate due to thermal decomposition of volatile
carbon precursors. Among various possible transition metals,
Ni was chosen due to the high solubility of carbon in the metal
lattice under high temperatures that eventually precipitates on
cooling to form graphene. The minimal lattice mismatch
between Ni and the graphene is another factor to be considered
to avoid lattice strains along the interfaces.34–37 The latter has
been shown to result in an efficient charge transfer across the
interface.38,39 Such an advantage is usually sacriced in other
bottom-up chemical synthetic routes, where interfaces are
poorly structured.

To obtain the nanostructured catalyst, NiO nanoparticles
(ESI) were used as the substrate instead of conventionally
employed metallic Ni foil or plates. The NiO nanoparticles have
a higher surface area than Ni foil and hence the resultant
composite was envisaged to have a higher surface area. Typi-
cally, in a CVD method, nitrogen is doped into graphene by
passing nitrogen-containing gaseous precursors or vapours of
nitrogen containing organic precursors into the hot reaction
zone along with the carbon precursor diluted in a carrier gas.
Alternatively, solid nitrogen precursors may be sublimed or
directly deposited on the substrate.40 In this work, the doping of
nitrogen was attempted in a single step by vaporizing a solution
of nitrogen-containing ligands dissolved in benzene. The
vapour of the solution of benzene was generated using a liquid
vaporizer and carried to the reaction site with a ow of H2. The
method offers a facile route to control the microstructure of
a nanocomposite electrocatalyst.
2. Experimental section
2.1. Materials

All chemicals (nickel nitrate, D-glucose, CTAB, and KOH) were
purchased from Sigma-Aldrich. Ni foam was purchased from
The Electrode Store, India, with 99.99% purity.
2.2. Preparation of N-doped graphene-decorated nickel
nanoparticles

2.2.1 Preparation of NiO/Ni/N-doped graphene. Two N-
containing ligands, namely dipyrazino[2,3-f:20,30-h]
quinoxaline-2,3,6,7,10,11-hexacarbonitrile (L) and melamine
(M), were used as nitrogen precursors and benzene was used as
the carbon precursor in the CVD. The composite samples
prepared using the ligands L and M are referred to as NiFL and
NiFMF, respectively. The CVD process consisted of four steps. In
the rst step, the reaction zone consisting of NiO foam was
ramped up to 1273 K for annealing and held at that temperature
for 20 min under 10 sccm ow of H2 to clean up the surface.
Following this, the heating zone was cooled down to 1073 K.
Typically, 100 mg of L was dissolved in 20 mL of benzene. In the
case of ligand M, 1 g of M was dissolved in 20 mL of benzene so
as to keep the nitrogen content the same. Both the solutions
appeared turbid. In a typical experiment, the solution was
vaporized at 353 K and transported using H2 ow at 50 sccm
2814 | Nanoscale Adv., 2024, 6, 2813–2822
over the NiO substrate inside the CVD. The third step was
synthesizing the composite, where the reaction over Ni foam
was carried out at 1073 K for 30 min, followed by cooling in H2

gas to form NiFL. Similarly, the reaction was carried out at 1273
K for 30 min before cooling down in H2 ow to form NiFMF.
Aer the growth time, the temperature of the system was cooled
down.
2.3. Characterization

A powder X-ray diffractometer (model: Rigaku Smart Lab XRD)
with a Cu Ka source (l = 0.154 nm) operated at a voltage of 45
kV and a current of 200 mA was used to identify the crystalline
phases of the material. The sample scan was done in the range
of 2q = 10–90° with a step size of 0.02. An FT-IR spectrometer
(IR Tracer 100, Shimadzu Scientic Instruments) was used to
understand bonding characteristics in N-doped graphene. A
Raman spectrophotometer (model: Horiba LabramHR Evo) was
used to analyze the spectra in the 100–3000 cm−1 range,
employing a 532 nm ULF laser source. The morphology of the
samples was characterized using a Field Emission Scanning
Electron Microscope (FESEM). The elemental dispersion was
conrmed by EDS mapping associated with FE-SEM. The
binding energies of the elements present in the catalyst were
analyzed by X-ray photoelectron spectroscopy (Thermo Fisher
Scientic Instruments UK, model K ALPHA+) with a mon-
chromatic Al Ka X-ray source with 6 mA beam current and 12 kV
operating voltage. Transmission electronmicroscopy (TEM) was
performed using a Talos 2000S G2 FEG with an EDS detector.
High-resolution TEM (HRTEM) pictures and electron diffrac-
tion (ED) patterns were analyzed by Gatan GMS 3 soware (open
source).
2.4. Electrochemical measurements

All electrochemical measurements were performed on a CH
electrochemical workstation (CHI 660E). The commercially
available Ni foam electrode (0.5 cm2) was sonicated for 5 min in
acetone, 3 M HCl, and deionized water to clean the surface oxide
layers. Aer cleaning, the Ni foamwas dried in a vacuum chamber
for 6 h at 60 °C. The working electrodes were prepared by drop
coating a 10 mg dispersion of each electrocatalyst (NiFL and
NiFMF) in amixture of 1mL of water and ethanol (1 : 1) and 10 mL
of Naon. Aer drop coating, the electrodes were vacuum-dried.
All electrochemical measurements were performed with a three
electrode geometry containing an Ag/AgCl reference electrode and
Pt wire as a counter electrode in 1 M KOH (pH = 14) solution.
Linear sweep voltammetry (LSV) measurements were conducted
at a scan rate of 5 mV s−1 in the voltage range of 0 to 1 V versus an
Ag/AgCl electrode and converted to a reversible hydrogen elec-
trode (RHE) using the following equation (eqn (1)).

E(RHE) = EAg/AgCl + 0.05912 pH + 0.197 V (1)

where E(RHE) is the potential for the reversible hydrogen elec-
trode, EAg/AgCl is the potential with respect to the Ag/AgCl
reference electrode, and the pH of 1 M KOH was measured to
be 14. The overpotential values were calculated by subtracting
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00141a


Communication Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
E

br
el

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

6-
03

-0
1 

22
:4

6:
15

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
the theoretical reduction potential of oxygen (1.23 V) from the
potential (versus RHE) values obtained at the current density of
10 mA cm−2 for each electrocatalyst. Further, to study the
kinetics of the OER, the Tafel slope was calculated by per-
forming linear tting on the anodic part of the plot obtained
from LSV data at a scan rate of 5 mV s−1. Cyclic voltammetry
(CV) was performed in non-faradaic regions (−0.12 to +0.12 V
versus Ag/AgCl electrode) with different scan rates ranging from
2 mV s−1 to 100 mV s−1. From the CV, the current versus scan
rate graphs were plotted to calculate Cdl values and specic
capacitance values were calculated by using the formula in
eqn (2).

Cs =
Ð
IdV/DV × n × A (2)

where DV is the voltage window (0.24 V), n is the scan rate in mV
s−1, and A is the area of the electrode (0.5 cm2). Electrochemical
active surface area (ECSA) was evaluated by using the following
formula: ECSA = Cdl/Cs. The TOF was calculated using the

formula: TOF ¼ I
2nF

, where F is the Faraday constant, n is the

number of active sites, n= Q/2F, calculated by performing CV in
the non-faradaic region, and I is current at a specic over-
potential. Electrochemical impedance spectroscopy (EIS) was
performed at 0.6 V versus Ag/AgCl electrode with a potential
amplitude of 5 mV in the AC frequency range from 0.1 to 105 Hz.
3. Results and discussion

Themolecular structures of ligands L andM that are introduced
with an intention to dope nitrogen in the graphene differed in
the nature of the nitrogen as well as the nitrogen-to-carbon ratio
(Fig. 1a). XRD patterns of the composites NiFL and NiFMF
prepared in the presence of the ligands L andM, respectively are
shown in Fig. 1b. The peak at 2q = 26.2° is indexed to graphite
(JCPDS No.: 56-0159) in both samples. Particularly, the peak in
NiFMF is broadened signicantly more compared to NiFL
indicating the presence of a fewer layers of graphene in the
NiFMF. This intriguing observation can be explained based on
the effect of the ligands on the physical properties of the solu-
tion of benzene. The concentration-dependent changes to the
physical properties of benzene are expected in the presence of
solutes such as L or M. The concentration of M was kept
signicantly high compared to L in order to keep the nitrogen
content in the solutions approximately close. Due to this, the
boiling point of the benzene solution containing M is expected
to be higher compared to that of the solution containing L. As
a result, at 353 K, the rate of vaporization of benzene from
solution M is likely to be lower compared to that in the solution
containing L. Thus, the strong graphitic peak in NiFL is due to
the availability of a larger concentration of benzene available for
decomposition at the reaction site (in comparison to NiFMF). In
addition to the number of layers of graphene, the ligands and
their concentration also had a stark inuence on the chemical
composition of the composite. Peaks at 2q = 44.4, 62.8, and
76.3° corresponded to metallic nickel (JCPDS No.: 04-0850), and
peaks at 2q = 37.2, 43.2, and 62.8° corresponded to NiO (JCPDS
© 2024 The Author(s). Published by the Royal Society of Chemistry
No.: 01-071-1179). Interestingly, the composition of the
composites differed with the ligand employed. NiFL contained
Ni, NiO, and graphene, whereas NiFMF contained only Ni and
graphene.

Although the substrate is NiO in both cases, the difference in
the nal composition of the composite hints at the differences
in the surface chemical reactions leading to the growth of the
graphene. The thermal prole and the reaction atmosphere of
H2 adopted in the synthesis favourably reduces NiO to metallic
Ni prior to the starting of the CVD growth. The presence of
ligand M in benzene vapour has favored the reduced phase in
Ni, even aer the completion of the growth of graphene.
However, the presence of ligand L in benzene vapour has
probably favoured the partial oxidation of the Ni back to NiO.
This is likely to be along the interface between themetal and the
graphene. The IR spectra shown in Fig. 1c conrmed the pres-
ence of nitrogen in graphene with C–N stretches in both NiFL
and NiFMF samples.44 Consistent with our suspicion that the
ligand L may have favored the oxidation of Ni to NiO, the
presence of oxygenated species as characterized by the C–O
around 1065 cm−1 is stronger in the case of NiFL.

The quality of the graphene was further probed using Raman
spectroscopy. In general, the Raman spectrum of the graphene
shows three bands (D, G, and 2D bands), characteristic of few-
layered graphene. The D and 2D bands are due to second-
order double resonance by zone boundary phonons, and the
G band is due to the doubly degenerate E2g phonons at the
Brillouin zone.41 The Raman spectrum of NiFL, as shown in
Fig. 1d, shows all three bands. In addition to the three bands,
NiFL also shows a small shoulder peak around 1610 cm−1,
corresponding to the D0 band ascribed to the intravalley, defect-
induced, double-resonance processes.41 The fact that the 2D
band is present in NiFL suggested a unique structural difference
between NiFL and NiFMF. In NiFL, probably NiO is sandwiched
between Ni and graphene so that Ni is not in direct contact with
the graphene. Importantly, the 2D band in Ni/graphene
composites is subdued strongly suggesting a direct contact
between Ni and carbon.42 Importantly, this band is present in
NiFL. Further, in NiFMF, the D and G bandsmerged, and the 2D
band was absent. The higher number of defects causes the D
band to have a broader appearance, which consequently leads
to its overlap with the G band. The absence of the 2D band also
indicates higher defect concentrations43 in graphene. In
conclusion, the characterization data suggests that NiFL is
a multilayered composite with a Ni/NiO/N-doped graphene
structure, while NiFMF is fewer layered, defect-rich, N-doped
graphene encapsulating Ni nanoparticles with an interface of
Ni/N-doped graphene.

The elemental composition on the surface of NiFL and NiFMF
is analyzed using XPS. The O 1s spectra comprised peaks corre-
sponding to three different oxygen species in the sample.
Generally, the peak in the range of 527.7–530 eV corresponds to
the lattice oxygen (OL), and the peak in the range of 531.1–532 eV
corresponds to the oxygen vacancy (OV).45 In Fig. 2a, the peak for
OV in NiFL is found at 531 eV. The peak at 532.2 eV is ascribed to
functionalized oxygen (OF) such as –COO– or O]C–O on gra-
phene.46 In Fig. 2c, the O 1s spectrum of NiFMF is deconvoluted to
Nanoscale Adv., 2024, 6, 2813–2822 | 2815
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Fig. 1 (a) The molecular structures of the ligands L and M, (b) XRD pattern of NiFL (red) and NiFMF (blue) with graphite, nickel and
nickel oxide, (c) IR spectra of NiFL (red) and NiFMF (blue), and (d) Raman spectra of NiFL (red) and NiFMF (blue).
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two peaks corresponding to adsorbed oxygen species (OA) and OF

on carbon. As expected, the peak due to OV is absent in NiFMF.
The C 1s spectra of both samples show signals due to C–N species
(285.8 eV) conrming the doping of the nitrogen.47 Attempts to
record the N 1s spectra to determine the nature of nitrogen in the
carbon matrix did not yield satisfactory data in both the cases.
This intriguing observation is probably due to the heterogeneity
in the concentration of nitrogen in the graphene shell. XPS, being
a surface-sensitive technique, gives information on the nitrogen
content pertaining to the surface of a few nm (1–5 nm) depth. It is
likely that the nitrogen ligand vaporized in larger concentrations
during the initial reaction periods. This increases the concentra-
tion of N-doping on graphene layers closer to the surface of NiO
substrate. As the reaction proceeded, the concentration of the
ligands in the vapor phase may have decreased, leading to
a decreased doping. This may have resulted in a low concentra-
tion of nitrogen on the surface.

Although synthesized under identical conditions, NiFL and
NiFMF differed signicantly in morphological organization.
Fig. 3a is the FESEM image of NiFL on a 30 mm scale. At a higher
magnication, the FESEM image of NiFL showed micro ‘ower
buds’ (Fig. 3b), with each layer having micro hair-like projec-
tions (Fig. 3c) with a size of approximately 50 nm. In contrast,
NiFMF has two types of surfaces that can be distinguished easily
by the roughness as shown in Fig. 3d. Magnied images of the
smoother and rougher surfaces of NiFMF are shown in Fig. 3e
and f, respectively. The rougher side shows pillar-like structures
2816 | Nanoscale Adv., 2024, 6, 2813–2822
ending in spherical globules of approximately 100 nm in size,
while the relatively smoother side has hair-like projections
resembling the surface of the NiFL.

TEM images show non-uniform sized particles for both the
samples. HRTEM analysis showed high-resolution lattice
fringes of NiFL (Fig. 4c) having a d-spacing of 0.208, 0.203, and
0.335 nm corresponding to NiO, Ni, and graphene, respectively.
The NiO layer was seen interfacing the Ni and the graphene. In
contrast, the d-spacing of fringes in NiFMF (Fig. 4e) consisted of
0.203 and 0.335 nm, corresponding to Ni and graphene,
respectively. The SAED pattern appeared to be of well-
crystallized NiO and metallic nickel for NiFL and NiFMF,
respectively. The rings were indexed to (111), (200), and (220) of
NiO in NiFL (Fig. 4d) and (111) and (200) of Ni in NiFMF
(Fig. 4f). The structure as deduced in the spectroscopic and
diffraction studies (Fig. 1b–d) was consistent with the micro-
scopic (TEM and HRTEM) studies (Fig. 4).

The elemental distributions of both samples and their TEM
images are shown in Fig. 5a–j. Unlike XPS, the elemental
information under TEM comes from greater depths from the
surface due to deeper penetration of the electron beam. In NiFL,
signals due to oxygen and nickel are co-located. The localized
signal indicated that O is present as oxide ions (NiO). As seen in
Fig. 5c, the localization of Ni and O is stronger in NiFL, sup-
porting the observation that the O is due to NiO. On the other
hand, the O signal in NiFMF is randomly distributed. The
dispersion of elements O, C, and N is uniform across the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 XPS spectra of NiFL and NiFMF. (a) O 1s of NiFL and (b) C 1s of NiFL. (c) O 1s of NiFMF and (d) C 1s of NiFMF.
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samples in NiFMF, suggesting their origin from the function-
alization of the graphene matrix. Also, the N signal appeared
stronger for NiFMF than NiFL, which is not expected consid-
ering the higher nitrogen-to-carbon ratio in L than M. But apart
from the ratio, other factors like the solubility of ligands in
benzene, the fraction of ligands in the vapor phase, and the
Fig. 3 FESEM images of NiFL andNiFMF. Images (a), (b) and (c) correspon
magnifications. Images e and f show the smoother and rougher surface

© 2024 The Author(s). Published by the Royal Society of Chemistry
decomposition rate of these compounds over nickel contribute
to the spatial variation of N-doping in the core–shell structure.

The interaction between Ni and graphene can be conrmed
from the spectrum. From the Raman spectrum, the absence of
the 2D band of graphene is conspicuous in NiFMF as compared
to NiFL. It has been shown that a strong interaction between Ni
d to NiFL, and images (d), (e), and (f) correspond to NiFMF at comparable
s of NiFMF, respectively.

Nanoscale Adv., 2024, 6, 2813–2822 | 2817
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Fig. 4 TEM image of NiFL (a) and NiFMF (b). HRTEM images and SAED patterns of NiFL ((c) and (d), respectively) and NiFMF ((e) and (f),
respectively).
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3d and C 2p states modies the graphene's Dirac cone near the
Fermi level which in turn alters the resonant condition of
Raman scattering.34 The vanishing of the 2D band can be taken
as evidence for strong electronic interaction between metallic
nickel and graphene. Interestingly, a strong 2D band is seen in
the Raman spectrum of NiFL, where metallic Ni and graphene
are separated by NiO supporting our conclusion.

Aer understanding the difference in the structures of NiFL
and NiFMF, both were subjected to electrochemical studies.
The LSV measurements of all electrodes are depicted in Fig. 6a.
Interestingly, NiFL shows a sharp increase in current density as
compared to NiFMF.Moreover, the discernible peak at 1.46 V vs.
RHE in NiFL can be attributed to the reduction of NiO. Corre-
spondingly, the CV measurements within a voltage window of
1.0–1.7 V versus RHEmirror the same peak at 1.46 V versus RHE,
conrming the reversible redox reaction of NiO within NiFL
2818 | Nanoscale Adv., 2024, 6, 2813–2822
(Fig. S1(a)†). The electrocatalyst NiFL exhibited a superior OER
performance compared to NiFMF. The overpotential values at
10 mA cm−2 for NiFL and NiFMF were 292 mV and 390 mV,
respectively. The Tafel plot derived from the LSV recorded at
5 mV s−1 and linearly tted to study the efficiency of electro-
catalysts over time (Fig. 6b) revealed a Tafel slope value for NiFL
∼56% lower (∼45 mV dec−1) than NiFMF (∼79 mV dec−1). This
difference stemmed from the higher kinetic activity of the
surface-active catalytic sites of NiO in NiFL indicating better
OER performance.

The overpotential and Tafel slope of the OER electro-
catalyzed by various Ni-based catalysts are provided in Table 1.
The Ni/NiO/N-doped graphene described in this work has one of
the lowest overpotentials reported, suggesting the role of the
microstructure. These enhancements are attributed to the well-
crystalized NiO and oxygen vacancies within NiFL. The
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 TEM image and elemental distribution of NiFL (a–e) and NiFMF (f–j). The signals corresponding to the elements are light blue (Ni), green
(O), red (C), and dark blue (N).
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homogeneous distribution of NiO within graphitic carbon
akes in NiFL imparts greater efficiency for the OER, surpassing
recently reported graphitic C/NiO electrocatalysts.54,55 The elec-
trochemically active surface area (ECSA) is determined by per-
forming the CVs in the non-faradaic regions from −0.12 V to
+0.12 V (versus Ag/AgCl) at different scan rates ranging from 2 to
100 mV s−1 (Fig. S1(b) and (c)†). The double-layer capacitance
(Cdl) values are examined to understand the active surface area
responsible for OER activity. NiFL exhibited a signicantly
higher Cdl value (1.427 mF) than that of NiFMF (0.854 mF), as
seen in Fig. 6d. While the ECSA values (ECSA = Cdl/Cs) of NiFL
and NiFMF are nearly the same (0.223 cm2 and 0.211 cm2,
respectively), the micro-ower bud morphology of NiFL,
featuring micro-hairs on each layer of graphene akes and
uniformly distributed NiO, contributed to its superior perfor-
mance over NiFMF. Turnover frequency (TOF) values for NiFL
and NiFMF are 5.17 s−1 and 3.73 s−1 at 420 mV, respectively,56

highlighting the heightened kinetic reactivity of NiFL for the
OER. Impedance measurements were conducted at 1.63 V
(versus RHE) to measure the resistances involved during the
oxygen evolution. The resulting net resistances are obtained as
a sum of electrolytic resistance (Rs) and charge transfer resis-
tance (Rct). In the case of NiFL, a lower net resistance of ∼3.4 U
© 2024 The Author(s). Published by the Royal Society of Chemistry
indicated faster OER (Fig. 6d). The stability of NiFL is rigorously
assessed through a 48 hour chronopotentiometry test at
a current density of 20 mA cm−2 (Fig. 6f). Surprisingly, a 4%
reduction in the overpotential for NiFL is observed over this
duration, signifying that NiFL behaves as an even better elec-
trocatalyst with time. This high stability of NiFL may be
attributed to the unique core–shell structure in Ni/NiO/
graphene in contrast to polycrystalline NiFMF. Video S1† visu-
ally depicts the rigorous oxygen evolution from the NiFL elec-
trode at 20 mA cm−2, with no signicant loss of catalyst
observed during oxygen evolution for 48 h, indicating the rm
adhesion of the electrocatalyst onto the Ni foam substrate. The
unique core–shell structure of Ni/NiO/graphene in NiFL likely
contributes to its superior electrocatalytic performance with
intrinsic carbon and oxygen defects, further enhancing the
activity of graphitic carbon with heteroatom defects.30 As the
OER has been shown to proceed via the Mars–van Krevelen
mechanism in the literature,32 oxygen vacancies created due to
the Ni/NiO interface and functionalized oxygen groups in the
material are shown to play a crucial role in enhancing the
oxygen evolution reaction on NiFL.

In order to understand the stability of the catalysts, the LSV
and CV measurements were carried out for the fresh sample
Nanoscale Adv., 2024, 6, 2813–2822 | 2819
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Fig. 6 (a) Linear sweep voltammetry (LSV) curves at 5 mV s−1, (b) corresponding Tafel plot, (c) comparison of CVs for 50 mV s−1 with (d) Cdl

calculation, (e) Nyquist plots of different electrocatalysts at 0.6 V versus Ag/AgCl in 1 M KOH solution, (f) chronopotentiometric stability test of
NiFL at 20 mA cm−2 for 48 h.

Table 1 Table containing overpotential and Tafel slope values of nickel-based composites for the OER in the literature48–53

Sl no. Material Overpotential @ 10 mA cm−2 (mV) Tafel slope (mV dec−1) Reference

1 NiO supported on NF 310 54 48
2 NiO nanosheets 340 97 49
3 Ni/NiOx 390 70 50
4 Ni@NiO/N–C nanowires 390 100 51
5 Ni/NiO/N-doped activated carbon 346 70 52
6 Ni–NiO@3-dimensional hierarchial porous graphene 1640 55 53
7 Ni/NiO/N-doped graphene 292 45 This work

2820 | Nanoscale Adv., 2024, 6, 2813–2822 © 2024 The Author(s). Published by the Royal Society of Chemistry
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and aer 48 h (Fig. S2†). The electrode was found to be highly
stable even aer 48 h of testing based on the redox peaks. A
slight improvement in the performance was noticeable, prob-
ably due to improvement in the wettability of the electrode. The
XPS of Ni 2p and O 1s of NiFL before reaction (a and c) and aer
cycling tests (b and d) are provided in Fig. S3.† The deconvo-
luted Ni 2p spectrum of NiFL (before reaction) showed peaks
corresponding to Ni(OH)2 and Ni2+ (NiO). However, Ni(OH)2
could not be detected in the XRD, probably due to its existence
conned to a few atomic layers along the surface. The decon-
voluted peaks could be identied at B.E. values of 854.13 eV,
856.03 eV, 858.18 eV, 861.59 eV, 872.13 eV, 873.67 eV, 876.38 eV,
and 880.38 eV corresponding to Ni2+ 2p3/2, Ni(OH)2 satellite, of
Ni(OH)2 satellite, of Ni2+ 2p3/2, Ni

2+ 2p1/2, Ni(OH)2 satellite, of
Ni2+ 2p1/2, and satellite of Ni(OH)2, respectively. Table S1
provided in the ESI† lists the peak positions of these peaks for
similar composites reported in the literature.51–53,57,58 It conrms
that a shi towards higher binding energies is commonly re-
ported in the position of Ni 2p peaks when interaction between
Ni and N-doped carbon occurs. Signals due to Ni0 could not be
observed in the freshly prepared NiFL probably due to its
presence at deeper levels. Aer carrying out 100 cycles of
testing, the Ni 2p spectrum showed peaks corresponding to Ni0

in addition to Ni2+ (NiO) and Ni(OH)2 suggesting partial
migration of Ni0 from the core to the surface. The B.E. peaks
could be indexed to 852.27 (Ni0), 854.28 (Ni2+ 2p3/2), 856.23
(Ni(OH)2), 859.25 (sat Ni0), 861.74 (sat Ni2+ 2p3/2), 864.24 (sat
Ni(OH)2), 867 (Ni0), 873.63 (Ni2+ 2p1/2), 878.82 (shakeup of b-
Ni(OH)2), 880.62 (shakeup of a-Ni(OH)2) and 882.2 (sat. Ni2+ 2p1/
2).57,59 The O 1s spectra also showed a small shi to the higher
binding energy region aer the cycling tests. The migration of
Ni0 to the surface is also corroborated by the decrease in the
intensity of the OL and increase in the intensity of OV.
4. Conclusion

Ni/NiO encapsulated with N-doped graphene (NiFL) and Ni
encapsulated with N-doped graphene (NiFMF) were synthesized
using a facile and scalable ligand-assisted CVD method. The
method made it convenient to control the microstructure of the
nanocomposite by changing the nature as well as the concen-
tration of the ligands. Using two types of ligands (L and M) in
the L-CVD N-doped graphene on Ni or Ni/NiO was obtained. The
structure-sensitivity of the NiFL and NiFMF in the OER was
studied. Ni/NiO/N-doped graphene (NiFL) was a superior elec-
trocatalyst with an overpotential of 292 mV at 10 mA cm−2 and
a Tafel slope of 45.41 mV dec−1, comparable to noble metal
catalysts. On the other hand, Ni/N-doped graphene (NiFMF)
showed relatively lower electrocatalytic performance. The
unique microstructure and compositional difference created
using the ligand-assisted CVD method resulted in signicantly
different electrocatalytic activity in the OER.
Conflicts of interest

The authors declare no conicts of interest.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Acknowledgements

Author RM would like to thank the Ministry of Education, Govt
of India for an HTRA fellowship. DJ would like to acknowledge
the funding from SERB (CRG/2019/001384). RG thanks SERB
Women Excellence Award WEA/2020/000038 for nancial
support. We would also like to thank Mr Himanshu Nath for
his help in the sample preparation and Dr Gaurav Bahuguna for
useful discussion.
References

1 W. Song, Z. Ren, S. Chen, Y. Meng, S. Biswas, P. Nandi,
H. A. Elsen, P. Gao and S. L. Suib, ACS Appl. Mater.
Interfaces, 2016, 8, 20802, DOI: 10.1021/acsami.6b06103.

2 L. Yuan, Z. Yan, L. Jiang, E. Wang, S. Wang and G. Sun, J.
Energy Chem., 2016, 25, 5805, DOI: 10.1016/
j.jechem.2016.04.013.

3 J. S. Chen, J. Ren, M. Shalom, T. Fellinger and M. Antonietti,
ACS Appl. Mater. Interfaces, 2016, 8, 5509, DOI: 10.1021/
acsami.5b10099.

4 J. Xie, F. Wang, Y. Zhou, Y. Dong, Y. Chai and B. Dong, Nano-
Micro Lett., 2024, 16, 39, DOI: 10.1007/s40820-023-01253-9.

5 D. Wu, W. Yuan, J. Wu, G. Jiang, X. Xu and S. Chang, New J.
Chem., 2024, 48, 7895–7903, DOI: 10.1039/D4NJ00669K.

6 C. X. Guo, S. Chen and X. Lu, Nanoscale, 2014, 6, 10896, DOI:
10.1039/C4NR03822C.

7 M. Huynh, C. Shi, S. J. L. Billinge and D. G. Nocera, J. Am.
Chem. Soc., 2015, 137, 14887, DOI: 10.1021/jacs.5b06382.

8 Y. F. Joya, H. Khalil, F. Hussain and K. S. Joya, Int. J. Hydrogen
Energy, 2021, 46, 7885, DOI: 10.1016/j.ijhydene.2020.11.271.

9 X. Liu, H. Jia, Z. Sun, H. Chen, P. Xu and P. Du, Electrochem.
Commun., 2014, 46, 1, DOI: 10.1016/j.elecom.2014.05.029.

10 X. Liu, S. Cui, Z. Sun and P. Du, Electrochim. Acta, 2015, 160,
202, DOI: 10.1016/j.electacta.2015.01.123.

11 P. W. Menezes, A. Indra, A. Bergmann, P. Chernev, C. Walter,
H. Dau, P. Strasser and M. Driess, J. Mater. Chem. A, 2016, 4,
10014, DOI: 10.1039/C6TA03644A.

12 D. He, X. Song, W. Li, C. Tang, J. Liu, Z. Ke, C. Jiang and
X. Xiao, Angew. Chem., Int. Ed., 2020, 59, 6929, DOI:
10.1002/anie.202001681.

13 I. A. Buliyaminu, M. A. Aziz, S. S. Shah and Z. H. Yamani, J.
Mater. Sci.: Mater. Electron., 2022, 33, 1337, DOI: 10.1007/
s10854-021-07452-7.

14 Y.-N. Zhou, F.-T. Li, B. Dong and Y.-M. Chai, Double self-
reinforced coordination modulation constructing stable Ni
4+ for water oxidation, Energy Environ. Sci., 2024, 17, 1468–
1481, DOI: 10.1039/D3EE02627B.

15 H. J. Liu, R. N. Luan, L. Y. Li, R. Q. Lv, Y. M. Chai and
B. Dong, Chem. Eng. J., 2023, 461, 141714, DOI: 10.1016/
j.cej.2023.141714.

16 R. D. L. Smith, M. S. Prévot, R. D. Fagan, S. Trudel and
C. P. Berlinguette, J. Am. Chem. Soc., 2013, 135, 11580,
DOI: 10.1021/ja403102j.

17 Y. Qiu, L. Xin and W. Li, Langmuir, 2014, 30, 7893, DOI:
10.1021/la501246e.
Nanoscale Adv., 2024, 6, 2813–2822 | 2821

https://doi.org/10.1021/acsami.6b06103
https://doi.org/10.1016/j.jechem.2016.04.013
https://doi.org/10.1016/j.jechem.2016.04.013
https://doi.org/10.1021/acsami.5b10099
https://doi.org/10.1021/acsami.5b10099
https://doi.org/10.1007/s40820-023-01253-9
https://doi.org/10.1039/D4NJ00669K
https://doi.org/10.1039/C4NR03822C
https://doi.org/10.1021/jacs.5b06382
https://doi.org/10.1016/j.ijhydene.2020.11.271
https://doi.org/10.1016/j.elecom.2014.05.029
https://doi.org/10.1016/j.electacta.2015.01.123
https://doi.org/10.1039/C6TA03644A
https://doi.org/10.1002/anie.202001681
https://doi.org/10.1007/s10854-021-07452-7
https://doi.org/10.1007/s10854-021-07452-7
https://doi.org/10.1039/D3EE02627B
https://doi.org/10.1016/j.cej.2023.141714
https://doi.org/10.1016/j.cej.2023.141714
https://doi.org/10.1021/ja403102j
https://doi.org/10.1021/la501246e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00141a


Nanoscale Advances Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
E

br
el

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
02

6-
03

-0
1 

22
:4

6:
15

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
18 M. Shao, J. Han, W. Shi, M. Wei and X. Duan, Electrochem.
Commun., 2010, 12, 1077, DOI: 10.1016/
j.elecom.2010.05.031.

19 X. Yu, M. Zhang, W. Yuan and G. Shi, J. Mater. Chem. A, 2015,
3, 6921, DOI: 10.1039/C5TA01034A.

20 S. G. Hwang, G. O. Kim, S. R. Yun and K. S. Ryu, Electrochim.
Acta, 2012, 78, 406, DOI: 10.1016/j.electacta.2012.06.031.

21 Y. R. Ren, H. M. Wei, X. B. Huang, B. Yang, J. W. Wang and
J. N. Ding, Int. J. Electrochem. Sci., 2014, 9, 7206, DOI:
10.1016/S1452-3981(23)10960-6.

22 T. Y. Ma, S. Dai, M. Jaroniec and S. Z. Qiao, J. Am. Chem. Soc.,
2014, 136, 13925, DOI: 10.1021/ja5082553.

23 A. Zhao, J. Masa, W. Xia, A. Maljusch, M. Willinger, G. Clavel,
K. Xie, R. Schlögl, W. Schuhmann and M. Muhler, J. Am.
Chem. Soc., 2014, 136, 7551, DOI: 10.1021/ja502532y.

24 G. Tian, M. Zhao, D. Yu, X. Kong, J. Huang, Q. Zhang and
F. Wei, Small, 2014, 10, 2251, DOI: 10.1002/smll.201303715.

25 X. Lu, H. M. Chan, C. Sun, C. Tseng and C. Zhao, J. Mater.
Chem. A, 2015, 3, 13371, DOI: 10.1039/C5TA02967H.

26 M. Zhao, X. Li, L. Song, D. He and Z. Zhang, ChemCatChem,
2016, 8, 2808, DOI: 10.1002/cctc.201600562.

27 J. Sun, H. Yin, P. Liu, Y. Wang, X. Yao, Z. Tang and H. Zhao,
Chem. Sci., 2016, 7, 5640, DOI: 10.1039/C6SC02083F.

28 Y. Wang and Y. Xia, Electrochim. Acta, 2006, 51, 3223, DOI:
10.1002/asia.202001031.

29 Y. Feng, H. Zhang, W. Li, L. Fang and Y. Wang, J. Power
Sources, 2016, 301, 78, DOI: 10.1016/j.jpowsour.2015.09.101.

30 F. Dong, M. Wu, G. Zhang, X. Liu, D. Rawach, A. C. Tavares
and S. Sun, Chem.–Asian J., 2020, 15, 3737, DOI: 10.1002/
asia.202001031.

31 J. Wang, Z. Zhao, C. Shen, H. Liu, X. Pang, M. Gao, J. Mu,
F. Cao and G. Li, Catal. Sci. Technol., 2021, 11, 2480, DOI:
10.1039/D0CY02333G.

32 J. F. Araújo, F. Dionigi, T. Merzdorf, H. Oh and P. Strasser,
Angew. Chem., Int. Ed., 2021, 60, 14981, DOI: 10.1016/
j.electacta.2005.09.013.

33 A. R. Puigdollers, P. Schlexer, S. Tosoni and G. Pacchioni, ACS
Catal., 2017, 7, 6493, DOI: 10.1016/j.jpowsour.2015.09.101.

34 D. Y. Usachov, V. Y. Davydov, V. S. Levitskii, V. O. Shevelev,
D. Marchenko, B. V. Senkovskiy, O. Y. Vilkov, A. G. Rybkin,
L. V. Yashina, E. V. Chulkov, I. Y. Sklyadneva, R. Heid,
K. Bohnen, C. Laubschat and D. V. Vyalikh, ACS Nano,
2017, 11, 6336, DOI: 10.1021/acsnano.7b02686.

35 S. Bae, H. Kim, Y. Lee, X. Xu, J. Park, Y. Zheng, J. Balakrishnan,
T. Lei, H. R. Kim, Y. I. Song, Y. Kim, K. S. Kim, B. Özyilmaz,
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