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ABSTRACT: The development of low-cost and active electro-
catalysts signifies an important effort toward accelerating
economical water electrolysis and overcoming the sluggish
hydrogen or oxygen evolution reaction (HER or OER) kinetics.
Herein, we report a scalable and rapid synthesis of inexpensive Ni
and MoS2 electrocatalysts on N-doped graphene/carbon cloth
substrate to address these challenges. Mesoporous N-doped
graphene is synthesized by using electrochemical polymerization
of polyaniline (PANI), followed by a rapid one-step photothermal
pyrolysis process. The N-doped graphene/carbon cloth substrate
improves the interconnection between the electrocatalyst and
substrate. Consequently, Ni species deposited on an N-doped
graphene OER electrocatalyst shows a low Tafel slope value of 35 mV/decade at an overpotential of 130 mV at 10 mA/cm2 current
density in 1 M KOH electrolytes. In addition, Ni-doped MoS2 on N-doped graphene HER electrocatalyst shows Tafel slopes of 37
and 42 mV/decade and overpotentials of 159 and 175 mV, respectively, in acidic and alkaline electrolytes at 10 mA/cm2 current
density. Both these values are lower than recently reported nonplatinum-group-metal-based OER and HER electrocatalysts. These
excellent electrochemical performances are due to the high electrochemical surface area, a porous structure that improves the charge
transfer between electrode and electrolytes, and the synergistic effect between the substrate and electrocatalyst. Raman spectroscopy,
X-ray photoelectron spectroscopy, and density functional theory (DFT) calculations demonstrate that the Ni hydroxide species and
Ni-doped MoS2 edge sites serve as active sites for OER and HER, respectively. Finally, we also evaluate the performance of the HER
electrocatalyst in commercial alkaline electrolyzers.
KEYWORDS: electrocatalysts, oxygen evolution reaction, hydrogen evolution reaction, nickel, 2D materials, MoS2, theoretical calculations

■ INTRODUCTION

Electrolysis of water using solar power to generate hydrogen is
one of the most appealing strategies to produce green and
sustainable fuel.1−3 Unfortunately, two main factors are
currently preventing it from finding a widespread use: (a)
current electrocatalysts are designed using unsustainable
materials such as platinum, palladium, and iridium, which are
expensive and too scarce for sustainable widespread
commercial usage, and (b) kinetics of hydrogen evolution
reaction (HER) or oxygen evolution reaction (OER) for
nonplatinum-group metal electrocatalysts are sluggish and
exhibit a very high overpotential.2 Fortunately, recent progress
in HER and OER reactions has led to the development of a
wide range of earth-abundant electrocatalysts (e.g., two-
dimensional materials including phosphides and oxyhydr-
oxides), which are low in price and show similar or, sometimes,
even higher efficiency compared to the noble metals.4−7

Over the past few years, molybdenum disulfide (MoS2) has
emerged as a promising electrocatalyst for HER reactions due
to its high density of active sites in the basal plane or at edge
sites.8,9 It is also highly stable in an acidic medium (based on
the synthesis process) and has hydrogen binding energy similar
to that of noble metals. In general, enhancing the electro-
catalytic performance of MoS2 catalysts can be achieved
through three main approaches: (i) augmenting the quantity of
exposed active sites, (ii) enhancing the electrical connectivity
to these active sites, and (iii) boosting the intrinsic activity of
individual active sites. These strategies have been widely
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explored to improve the ultimate HER activity of MoS2.
10

Similarly, nonprecious metal (such as nickel) electrocatalysts
show outstanding OER activity because of the formation of
either high-valent Ni�O or active Ni−O−O− species.11,12

While all of these materials have been thoroughly studied,
drawbacks such as complex material synthetic strategies and
the lack of long-term stability limit their widespread use for
electrocatalysis applications. All of these limitations motivate
us to explore a stable, environmentally friendly, and large-scale
electrocatalyst design capable of performing HER and OER as
efficiently as platinum or iridium.
Introducing vacancies, increasing active-site populations, and

phase adjustment can be promising strategies to enhance
electrocatalytic efficiency.13 For example, through a synergetic
effect, carbon materials with hybridization to improve the
charge transfer kinetics or heterostructures of two different
materials (such as graphene and MoS2) can provide ample
catalytic active sites to enhance the catalytic activity.4,14,15 In
particular, growing the electrocatalyst on a conducting
substrate with a binder-free method can be an efficient
approach as the resulting structure can be used directly as a
working electrocatalyst without further processing and, more
importantly, excludes some of the components like Nafion,
which covers surface-active sites resulting in lower catalytic
activity.16,17 Moreover, direct growth of the electrocatalyst on
the conducting substrate also ensures the homogeneity of the
catalyst compared to the conventional ultrasonication
approach for manufacturing the electrocatalyst, which is key
to improving the charge transport and access to the ample
active sites throughout the electrocatalyst.18

Finally, a suitable substrate can also help to maintain the
structural integrity and chemical stability of the electrocatalyst
throughout the process. Very recently, Lingappan et al.
reported an approach based on conducting polymers such as
polyaniline (PANI) to improve the interconnection between
the CC substrate and electrocatalyst.16 While this approach
improves the overall structural integrity of the catalyst and
improves the catalytic efficiency, the lack of a porous structure
of the electrocatalyst limits transport throughout the material,
and applying this approach over larger areas remains
challenging. Scalability remains a key challenge to developing
a low-cost, high-throughput technique for preparing composite
or hybrid structured electrocatalysts with the desired qualities
(e.g., high porosity, high electrical conductivity, and accessible
surface area) by ensuring the full exposure of electrolytes,
efficient charge transfer path, easy gas release, and synergetic
effects.
Given these considerations, porous graphene sheets on

carbon cloths (CC) can be an ideal substrate for an active
electrocatalyst like nickel or MoS2 due to their high electrical
conductivity and well-aligned porous structure.19,20 Our group
recently reported a rapid, efficient, and scalable approach to
prepare porous graphene using photothermal pyrolysis (using
xenon flash lamp (300−1100 nm)) of polymeric materials such
as polybenzoxazine and polyacrylonitrile on various substrates
such as CC, Kapton, and stainless steel in a few seconds.21 We
highlight that this process can be utilized for large-scale porous,
few layer graphene production.
Inspired by the key merits of PANI and photothermal

pyrolysis, here, we report a new approach to designing durable
and efficient electrocatalysts for the HER and the OER. PANI
is deposited on the CC substrate using an electropolymeriza-
tion process followed by photothermal pyrolysis to derive the

porous graphene directly grown on the CC substrate. PANI
does not require additional thermal treatment for cross-linking
before the carbonization, which makes the entire process of
preparing porous graphene simple, fast, and cost-effective.
Electrocatalysts for OER and HER are deposited on the PANI-
derived porous graphene-CC substrate, they are designated Ni
(PANI-pf-CC@Ni) and MoS2 (PANI-pf-CC@MoS2). The
incorporation of the porous graphene layer allows for coupling
between the catalyst and support, which yields synergistic
effects and creates a significantly enhanced performance
compared with the single components. The PANI-pf-CC@Ni
electrocatalyst showed an excellent OER performance with a
low Tafel slope value of 35 mV/decade and the overpotential
of 130 mV in a 1 M KOH electrolyte, while the PANI-pf-CC
@MoS2 electrocatalyst exhibits the HER performance with a
low Tafel slope value of 40 mV/decade and an overpotential of
178 mV in a 0.5 M H2SO4 electrolyte at a current density of 10
mA/cm2. We also incorporated the Ni species as a dopant into
the MoS2 structure to improve the HER activity. Raman
spectroscopy, X-ray photoelectron spectroscopy (XPS), and
density functional theory (DFT) studies were performed to
gain insights into the mechanism of enhancement in the OER
and HER reaction, revealing electrocatalytically active Ni
hydroxide species at the Ni surface during the surface-
reconstruction process responsible for the OER, whereas the
structure of Ni doping in MoS2 protects against the oxidation
of sulfur atoms in the edge sites, which serve as active sites and
consequently increases the HER activities. We further
evaluated the HER performance of these electrocatalysts
under commercial alkaline water electrolyzes (AWEs)
conditions. Our study helps to understand the mechanism of
a simple method of synthesizing porous electrocatalyst
materials, emphasizing industrial requirements, which will
provide new insights to explore the combination of commercial
and laboratory investigations.

■ EXPERIMENTAL SECTION
Materials. Nickel(II) chloride hexahydrate (98%), boric acid

(99.5%), aniline (99.5%), sodium molybdate dihydrate, thiourea, and
concentrated sulfuric acid (∼98%) were purchased from Sigma-
Aldrich. Potassium hydroxide (KOH) was obtained from Thermo
Fisher Scientific (Waltham, MA, USA). Carbon cloth (80 cm × 130
cm, part no. CCP-122) was purchased from Fuel Cell Earth (Woburn,
MA, USA). Stainless steel foil 316 was procured from MTI Corp.
(Richmond, CA, USA). Unless otherwise noted, all materials were
used without further purification. Ultrapure type I water (18.2 MΩ ·
cm) was used for all of the experiments.

Electrochemical Deposition of Polyaniline (PANI) on
Carbon Cloth (CC). PANI was electrochemically deposited using a
three-electrode system as described in previous reports.22 Briefly, CC
(5 cm × 5 cm) was used as the working electrode, stainless steel was
used as a counter electrode, and Ag/AgCl was used as a reference
electrode in a 0.3 M aniline and 1 M HCl electrolyte solution. The
deposition was performed using a CHI660E electrochemical work-
station (CH instruments Austin, TX) where a constant current
density of 10 mA/cm2 was applied for a desired duration ranging from
7 min to grow rod-like PANI. After deposition, PANI on CC was
washed several times with water to remove the unreacted monomer
and then dried overnight at room temperature under a fume hood and
then at 100 °C for 1 h in an oven for further characterization.

Photothermal Pyrolysis of Polyaniline on Carbon Cloth
(PANI-pf-CC). PANI on CC was photothermally pyrolyzed using a
Novacentric Pulse forge 1300 xenon flash lamp system (Austin,
Texas) under ambient conditions. Samples were placed at a stand-off
distance of 10 mm from the lamp for processing. PANI on CC was
first subjected to 10 pulses with a pulse voltage of 400 V, a pulse
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length of 800 μs, and a frequency of 1 Hz followed by 10 pulses with a
pulse voltage of 600 V, a pulse length of 800 μs, and a frequency of 1
Hz to completely transform the polymeric material into porous
graphene. The carbon yield derived from PANI is calculated to be
50%, as evaluated by measuring the mass before and after
photothermal processing.
Electrochemical Deposition of Nickel on PANI-pf-Gra-

phene-CC (PANI-pf-GCC@Ni). Nickel was deposited on PANI-pf-
GCC under galvanostatic conditions using a CHI660E electro-
chemical workstation (CH Instruments Austin, TX) in pulse mode,
wherein the current was turned on for 0.5 s and turned off for 1 s. A
piece of nickel foil served as the counter electrode, and Ag/AgCl was
the reference electrode. The electrochemical bath was a mixture of 0.1
M nickel chloride and 0.2 M boric acid in deionized water. The
electrochemical bath was stirred at 200 rpm by using a magnetic stir
bar. The current density varied from 0.5−2.5 mA/cm2. The total
deposition time was varied from 15 s to 7 min. After the deposition
was completed, PANI-pf-GCC@Ni was rinsed with deionized water
and then dried at 100 °C on a hot plate for further characterization.
Preparation of Molybdenum Disulfide (MoS2) on PANI-pf-

GCC (PANI-pf-GCC@MoS2). MoS2 was grown on the PANI-pf-GCC
using a hydrothermal method according to the previous report.16

Sodium molybdate dihydrate (0.08 g, 0.3 mmol) and thiourea (0.126
g, 1.6 mmol) were dissolved in deionized water, (50 mL) and the
resulting solution was transferred into a Teflon-lined autoclave. A
piece of PANI-pf-GCC was placed into the mixture, and the autoclave
was sealed and heated at 200 °C for 16 h. The obtained PANI-pf-
GCC @MoS2 was removed, washed with excess water, and dried
under vacuum for further characterization.
Electrochemical Deposition of Nickel on PANI-pf-GCC@

MoS2 (PANI-pf-GCC@Ni-MoS2). To assess the impact of Ni doping
on MoS2 catalysts, nickel was deposited on PANI-pf-GCC@MoS2
under galvanostatic conditions using a CHI660E electrochemical
workstation (CH instruments Austin, TX) in pulse mode, wherein the
current was turned on for 0.5 s and turned off for 1 s. A piece of nickel
foil served as the counter electrode, and Ag/AgCl was the reference
electrode. The electrochemical bath was a mixture of 0.1 M nickel
chloride and 0.2 M boric acid in deionized water. The electrochemical
bath was stirred at 200 rpm using a magnetic stir bar. The current
density was varied from 2.5 mA/cm2. The total deposition time was
varied from 15 s. After the deposition was completed, PANI-pf-
GCC@Ni-MoS2 was rinsed with deionized water and then dried at
100 °C on a hot plate for further characterization.
Electrochemical Measurements and Calculations. A three-

electrode configuration was used for all electrochemical measure-
ments in 1 M KOH for the OER and 0.5 M H2SO4 for the HER on a
CH Instruments CHI660D electrochemical workstation at ambient
temperature. As prepared PANI-pf-GCC@Ni (for the OER) and
PANI-pf-GCC@MoS2 (for the HER) support, graphite rod and Ag/
AgCl electrodes (saturated KCl) were used as working, counter, and
reference electrodes, respectively. The active areas for the OER and
HER supports were 2 cm2 in which both sides of the carbon fiber
participate in the electrochemical reactions. Linear sweep voltamme-
try (LSV) with a sweep rate of 5 mV/s was carried out at room
temperature by using a three-electrode system with 1 M KOH (for
the OER and HER) and 0.5 M H2SO4 (for the HER) electrolytes. A
long-term stability test (current vs time) was carried out in 1 M KOH
(for OER and HER) and 0.5 M H2SO4 (for HER) electrolytes using a
three-electrode system with a fixed overpotential. A similar setup for
LSV and long-term stability with 7.5 M KOH (30 wt %) at 80 °C was
used to mimic commercial alkaline water electrolyze conditions. All
potentials reported in this work are adjusted with the reversible
hydrogen electrode (RHE). The equilibrium potential (E0) for OER
is 1.23 V vs RHE, so the overpotential is the potential difference
between ERHE and 1.23 V. Unless specified, the obtained LSV graphs
were recorded without iR compensation. Electrochemical impedance
spectroscopy (EIS) was performed using a CH Instruments CHI660D
electrochemical workstation at ambient temperature with frequencies
in the range of 100 kHz to 10 Hz at a voltage amplitude of 10 mV
with potentials of 0.3 V for the OER and −1.5 V for the HER vs RHE.

The electrochemical surface area (ECSA) was calculated using cyclic
voltammetry, which is used as a benchmark method for numerous
electrocatalysts for the HER and the OER. In a non-Faradaic domain,
several cyclic voltammetry (CV) scans were conducted at various scan
rates (10, 20, 40, 60, 80, 100, and 120 mV/s). The mean disparity
between anodic and cathodic charging current densities was graphed
against the scan rate. The double-layer capacitance (Cdl) was
determined by deriving the linear regression slope. Cdl was
determined by deriving the slope of the linear regression. It is widely
recognized that a catalyst with a higher Cdl value suggests a greater
exposure of active sites relative to its active surface area. Tafel slope
was calculated based on the following equation.

= | | +alog current density b

where “η” is the overpotential, “a” is the Tafel slope, and “b” is the
exchange current density. Applying a linear fit to the Tafel equation
allows for the determination of the Tafel slope. Each electrochemical
experiment was run at least three times for reproducibility. All of the
electrochemical deposition and measurement were carried out under
stir.

Microscopy and Spectroscopy. Field emission scanning
electron microscopy (SEM) measurements were carried out on a
FEI Magellan 400 FESEM at an accelerating voltage of 3 kV and a
current of 15 pA. X-Ray diffraction (XRD) patterns were obtained
with a Panalytical X-ray diffractometer with 1.5418 Å Cu Kα radiation.
X-Ray photoelectron (XPS) analysis was performed using a Physical
Electronics VersaProbe III instrument equipped with a monochro-
matic Al Kα X-ray source (hν = 1,486.6 eV) and a concentric
hemispherical analyzer. Charge neutralization was performed using
both low-energy electrons (<5 eV) and argon ions. The binding
energy axis was calibrated using sputter-cleaned Cu (Cu 2p3/2 = 932.6
eV, Cu 3p3/2 = 75.1 eV) and Au foils (Au 4f7/2 = 83.9 eV). Peaks were
charged as referenced to the sp2 band in the carbon 1s spectra at
284.5 eV. Measurements were made at a takeoff angle of 45° with
respect to the sample surface plane. These specifications resulted in a
typical sampling depth of 3−6 nm (95% of the signal originated from
this depth or shallower). Quantification was done using instrumental
relative sensitivity factors (RSFs) that account for the X-ray cross-
section and inelastic mean free path of the electrons. Major elements
(>5 atom %) on homogeneous samples tend to have standard
deviations of <3%, while minor elements can be significantly higher.
The analysis size was ∼200 μm in diameter. CasaXPS software was
used to analyze the spectra.

A DXR Raman microscope from Thermo Fisher Scientific was used
for an ex situ Raman spectrum over a range of 100−3500 cm−1 with a
resolution of 5.3−8.8 cm−1, using a 20× objective backscattering
configuration. Three different spots of each sample were obtained by
using a focused 633 nm laser (power = 5 mW) on a 1.6 μm spot size
to avoid sample damage.

First-Principle Calculations. Spin-polarized, periodic DFT
calculations were performed with the VASP package (Version
6.1.2),23,24 using the PBE exchange-correlation functional and a
plane-wave basis set with a kinetic energy cutoff of 400 eV for the
valence electrons. The PAW method was utilized for treating core
electrons, with PAW potentials selected to include 1 valence electron
for H, 4 for C, 5 for N, 6 for O, 6 for S, 10 for Ni, and 6 for Mo,
respectively. A 3 × 3 × 1 K-point grid was used for sampling the
reciprocal space in the OER system. Structure optimization converged
to below a force threshold of 0.02 eV/Å for the OER system. The
vibrational analysis was conducted by computing the second-order
derivatives of the total energy with respect to the position of the ions
using the central finite difference with a step size of 0.015 Å. The stop
criterion for the electronic self-consistent loop was set to be 10−6 eV
for the vibrational calculations.

■ RESULTS AND DISCUSSION
Characterization of the PANI Composite and Effect of

Photothermal Pyrolysis. The CC substrate was function-
alized with PANI by oxidative electropolymerization of aniline
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in an acidic medium. After electrochemically functionalizing
PANI on CC, a black CC substrate turned into a green color,
indicating a successful coating of PANI in the emeraldine salt
form (Figure S1). PANI deposition was characterized by
scanning electron microscopy (SEM) (Figure 1a,b) and
transmission electron microscopy (TEM) (Figure 1c). The

SEM results revealed that the PANI layers are homogeneously
covering (Figure 1b) the CC fiber surface possibly owing to
the π−π interaction.25 The uniform distribution of PANI will
ensure the uniformity of graphene conversion after pyrolysis,
which is important to strengthen the interaction between the
electrocatalysts and substrate. The high-magnification SEM

Figure 1. Surface morphology and spectroscopic characterization of PANI composite. (a) SEM image of bare carbon cloth (CC); (b) SEM image
showing the overall distribution of PANI on CC; (c) TEM image showing fibrous PANI. The scale bar is 500 nm; (d) SEM image showing fibrous
PANI distribution; (e) Raman spectroscopy of PANI composite taken at 633 nm wavelength; (f) high-resolution C 1s XPS spectra; and (g) high-
resolution N 1s XPS spectra.

Figure 2. Surface morphology and spectroscopic characterization of photothermal PANI-pyrolyzed porous graphene. (a) SEM image showing the
homogeneous photothermal pyrolysis of PANI on CC; (b) zoom-in SEM image of porous graphene; (c) Raman spectroscopy of porous graphene
taken at a 633 nm wavelength; (d) high-resolution C 1s XPS spectra; (e) high-resolution O 1s XPS spectra; and (f) high-resolution N 1s XPS
spectra.
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image of PANI reveals a nanofiber structure without any
agglomeration (Figure 1d). The functionalization of PANI was
studied by Raman spectroscopy. The characteristic peaks at
1588, 1476, 1364, and 1160 cm−1 correspond to the C−C, C−
N, and C−N+ radical cation stretching and in-plane C−H
bending of PANI (Figure 1e).26 The survey spectrum of XPS
analysis (Figure S2) further confirmed the presence of carbon
(81.8 at %), oxygen (2.8 at %), and nitrogen (11.4 at %),
respectively. As resolved in the high-resolution deconvoluted
XPS data in Figure 1f, the C 1s spectra with binding energies of
284.4, 285.0, 285.8, 287.0, and 288.3 eV can be assigned to the
quinoid structure of the compound, aliphatic C−C, C−N, C�
O, and COO, respectively.27−29 The fitted high-resolution XPS
of N 1s (Figure 1g) at the binding energies of 399.7, 401.1,
402.7, and 398.2 eV are the characteristic peaks of pyrrolic-N,
graphitic-N, protonated graphitic-N, and pyridinic-N, respec-
tively.30 Nitrogen species in PANI will play a pivotal role in
preparing porous nitrogen-doped graphene due to its high
nitrogen-to-carbon ratio that can be maintained even after
pyrolysis without using a nitrogen atmosphere. The presence
of those nitrogen species will also influence the interconnec-
tion with the electrocatalysts.
After PANI functionalization on CC, photothermal pyrolysis

using a xenon flash lamp was carried out at different irradiation
energies to obtain the porous graphene. Two steps of the
pyrolysis process were used to obtain the porous graphene, first
a low-energy cycle of 1.80 J/cm2 per pulse was used to remove
all the small organic hybrids, followed by a slightly higher
energy cycle of 5.95J/cm2 per pulse was used to completely
convert PANI to porous graphene. In the pulse forge, the

irradiated energies were utilized as a temperature source that
reached over 2000 °C in a few seconds (as predicted by a
simulation; Figure S3), which was done to remove the organic
moieties. This method is more time effective as compared to a
slow conventional tube furnace, which takes more than 6 h to
reach 800 °C. Furthermore, by controlling the pulse energy in
photothermal pyrolysis, the desired morphology and chemical
composition can be determined. The high-resolution SEM
images (Figure 2a,b) showed an interconnected porous
architecture from PANI with pore ranges of several nanome-
ters. The homogeneous distribution of the porous architecture
further suggested that the pulse forge photothermal process is
very uniform. To clarify the nature of this porous framework,
Raman spectroscopy and XPS analysis were carried out. The
characteristic Raman peaks at 1340, 1591, and 2665 cm−1

represent the disordered D band, graphitic carbon-related G
band, and second order of D bands (2D band), respectively,
confirming the successful transformation of PANI to graphene
(Figure 2c).31 Finally, the fitted XPS binding energies of 284.4,
286.2, and 287.4 eV can be assigned to (C−C) sp2, C−N, and
C�O, respectively, which further corroborate that the PANI
transform porous architecture has a few layer graphene
structure (Figure 2d).31 A potential explanation can be derived
based on the energy dependence and magnitude of the pulse
energy, which generates an elevated temperature and forces
PANI to rearrange a rod-like configuration to a network-like
porous graphene structure. It is important to note that a small
amount (C−C) sp3 at the binding energy of 284.9 eV was also
detected in the XPS peak fitting because of aliphatic carbon.
This suggests that the carbon structure is not completely

Figure 3. Surface morphology and spectroscopic characterization of Ni deposited N-doped porous graphene. (a) SEM image showing the
homogeneous distribution of Ni; (b) Zoom-in SEM image of Ni species; (c) high-resolution N 1s XPS spectra; and (d) high-resolution O 1s XPS
spectra.
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ordered and defects are present in the graphitic moieties.
Furthermore, the number of heteroatoms detected by XPS
(Figure S4) after photothermal pyrolysis was significantly
decreased to oxygen (1 a%) and nitrogen (1 a%). This is not a
very surprising result considering that the obtained temper-
ature of our process was over 1000 °C, which removes most
heteroatoms in the system. The high-resolution XPS of O 1s
revealed the presence of surface functional groups of C�O
and C−O with binding energies of 531.5 and 533.6 eV,
respectively (Figure 2e). This can be attributed to function-
alization within the carbon structure. Our photothermal
pyrolyzed graphene exhibits observable defects, as indicated
by the prominent “D” peak in Raman spectroscopy (Figure
2c). These functional defects, commonly oxygen-related, are
expected, given the imperfect nature of our carbon framework.
This observation aligns with the findings in the literature.27,32

The N 1s spectrum (Figure 2f) also revealed the presence of
pyrrolic-N, graphitic-N, protonated graphitic-N, and pyridinic-
N, respectively. Both surface functional groups and N doping
in the graphene moiety will not only help the wettability of the
electrocatalyst by the electrolyte but also provide anchoring
sites for MoS2 and Ni. Thus, both microscopy and spectros-
copy results clearly demonstrated that the obtained porous
architecture material is nitrogen- and oxygen-doped graphene
that has grown on the CC without any binder and can be used
to construct both Ni and MoS2 for the water-splitting
experiments.
Construction and Structural Characterization of

PANI-pf-GCC@Ni. The OER electrocatalytic activities in
this work were investigated using Ni on an as-synthesized
porous graphene substrate. Before the determination of the
OER performance of the electrocatalyst, it is essential to
understand the morphology and surface composition of the
material. Ni was electrochemically deposited on the PANI-pf-

GCC using the three-electrode pulse mode “on” and “off”
method in which at a particular current density of Ni atoms
will be at a nucleation state during the current “on” step. The
alternating “on” and “off” steps help us to restrict the growth
stage of Ni deposition.33,34 In this process, there will be a high
probability of forming large aggregates of nickel particles,
similar to a Ni plating process. The aggregation of Ni leads to a
lower electrocatalysis performance, which is not desired, and it
is best to optimize the particle growth to avoid aggregation. To
investigate how and why the current density and time duration
in the pulse mode affect the particle growth, a series of
depositions were carried out with a range of current densities
between 5 and 15 mA/cm2 and duration times from 15 to 420
s, the corresponding SEM images showed in Figure S5. These
results help us in shortlisting the most probable current
densities and timing to get the least aggregated particle. It was
noticed that the 5 mA/cm2 current density with 60 s
deposition time showed the least aggregated particle area on
the substrate (Figure S6). Thus, the deposition time and
current density were further reduced to 15 s and 2.5 mA/cm2,
respectively, which resulted in a homogeneous deposition of
nickel particles without covering the pores and with minimal
aggregation. The high-resolution SEM (Figure 3a,b) also
suggested that the growth particle size is around 15.72 nm with
a standard deviation of 3.08 nm (Figure S7 for size
distribution). We hypothesize that, in the pulse mode
deposition process, when the current density is stabilized, the
growth stage begins leading to aggregation. This is also
supported by the SEM images (Figure S5), where large
aggregation occurs at a longer time. All the electron
microscope results using these conditions confirm the
successful deposition with minimal Ni aggregation on PANI-
pf-GCC and the successful synthesis of the PANI-pf-GCC@Ni
catalyst with optimized morphology. XPS was further

Figure 4. Surface morphology and spectroscopic characterization of MoS2deposited N-doped porous graphene. (a) SEM image showing the
homogeneous distribution of MoS2; (b) zoom-in SEM image of MoS2 flower; (c) high-resolution Mo 3d XPS spectra; and (d) high-resolution N 1s
XPS spectra.
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performed to understand the surface chemical composition of
PANI-pf-GCC@Ni. The full survey XPS spectrum of the
existence of C, O, N, and Ni elements is shown in Figure S8.
The XPS spectrum of Ni 2p reveals (Figure S9) two spin−
orbit doublets at binding energy values of 857.2 and 873.8 eV,
exhibiting a spin-energy separation of 16.0 eV, indicative of the
Ni 2p3/2 and Ni 2p1/2 components, respectively.35 The peak
positions at 879.3 and 860.3 eV correspond to satellite peaks of
Ni 2p1/2 and Ni 2p3/2, respectively.36,37 The presence of
satellite peaks suggests that Ni2+ predominates as the major
component.38 The characteristic peak at 857.2 eV in binding
energy signifies the presence of NiOOH, indicating that
surface Ni species are in an oxidized state. This is unsurprising
given that pure metallic Ni is highly susceptible to oxidation,
even without the application of any potential.39 The N 1s
spectrum (Figure 3c) displayed three characteristic peaks at
the binding energy of 398.2, 400.1, and 401.8 eV, respectively,
because of the pyridinic-N, pyrrolic-N, and graphitic-N. The
high-resolution O 1s spectra (Figure 3d) suggested three
distinct peaks at the binding energies of 531.8, 530.9, and
533.1 eV, respectively.40 The peak at the binding energy of
531.8 eV indicated the oxygen vacancies, whereas 530.9 eV can
be associated with hydroxyl species of hydroxides.41 The peak
at the binding energies of 533.1 eV results from the hydroxyl
species that evolved due to the water and oxygen vacancy
interaction.42 These oxygen defect peaks are important in
enhancing the electrocatalytic activity. Further, the oxygen
vacancies and OH groups contribute free electrons, thereby
increasing the charge carrier concentration at the interface,

which directly affects conductivity. The presence of surface-
adsorbed O2/OH− of PANI-pf-GCC@Ni qualitatively suggests
the availability of more accessible catalytic active sites.
Consequently, accelerated OER kinetics are expected on the
surface of the PANI-pf-GCC@Ni catalyst. XPS primarily
investigates the surface layer of a sample, typically within 10
nm. However, Raman spectroscopy offers insights into the bulk
structure and properties, providing a more comprehensive
understanding. The Raman spectra (Figure S10) depict
notable characteristic features, including peaks at around
1329 and 1580 cm−1, attributed to the D and G bands of
graphene, respectively, alongside the 2D band at 2657 cm−1.
The intensity ratio of the D and G peaks (0.87) suggests the
presence of multilayer graphene with relatively fewer defects
and disordered carbon, which is consistent with our XPS
analysis.43 Moreover, the Raman spectrum reveals distinct
peaks corresponding to the oxidized form of Ni at 914 cm−1

(2LO). Additionally, a peak at 368 cm−1 is likely associated
with the Eg vibration mode of the Ni−OH lattice, while peaks
at 466 cm−1 and a shoulder around 600 cm−1 indicate
stretching vibration modes of Ni−O nanostructures.44,45

Construction and Structural Characterization of
PANI-pf-GCC@MoS2. The HER electrocatalytic activity was
investigated by using MoS2 on the as-synthesized porous
graphene substrate. The SEM image (Figure 4a) showed that
the MoS2 was grown on the porous graphene substrate without
destroying the pores. This is particularly important because we
are speculating that covering the entire pores will decrease the
diffusion during the electrochemical process. Therefore,

Figure 5. OER performance of synthesized catalysts in a 1 M KOH electrolyte. “N-Doped graphene” without any catalyst is used as a reference for
comparison. (a) Polarization graph of different catalysts at a scan rate of 5 mV/s, where the y axis was normalized based on the geometric surface
area; (b) corresponding Tafel plots, and (c) electrochemical surface area.
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controlling the hydrothermal synthesis time is important. We
optimized the synthesis time comparing 24, 12, and 16 h and
by monitoring the MoS2 growth using SEM images (Figure
S11). It was found that the 16 h hydrothermal process had the
best growth of MoS2 without destroying the porous structure
of the graphene substrate. The high-resolution SEM image
(Figure 4b) further indicates that the grown MoS2 on PANI-
pf-GCC has a flake-like structure with small edges. This is

because of the coordination interaction during the hydro-
thermal synthesis between the molybdenum precursor and
nitrogen species in the porous graphene. Raman spectroscopy
(Figure S12) was used to understand the bulk structure and
properties of PANI-pf-GCC@MoS2. The characteristic Raman
peaks of MoS2 at 633 nm wavelength are dominated by 378,
410, and 455 cm−1 because of in-plane E1

2g mode, out-of-plane
A1g mode, and second-order Raman scattering 2LA(M)

Figure 6. Mechanisms and free-energy profiles of the OER process. (a) The schematic illustrates the nickel hydroxide cluster considered in the
DFT calculations, showing the reaction mechanisms involving *, *OH, *O, and (o)O, where the asterisk denotes the active site and (o) indicates
an oxidized active site (see text); (b) free-energy diagrams for the OER process under alkaline conditions (pH = 14), showing the condition with
an applied potential of U = 0 (solid lines) and 1.23 V (dashed lines) relative to the Reversible Hydrogen Electrode (RHE). The red borders in
panel a and red curves in panel b correspond to structures on an undoped graphene substrate, while the blue color corresponds to structures on a
nitrogen-doped graphene substrate.
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mode.46 Two new peaks of 190 and 226 cm−1 can be assigned
to the formation of 1T phase MoS2.

47 A small peak in the
region of 340−350 cm−1 also suggested the sulfur vacancies in
the sample.16 Peaks at 1342 and 1608 cm−1 are associated with
the D and G bands of the mesoporous graphene. Notably, no
oxysulfide peak at 440 cm−1 was observed during the synthesis
process.48 Chemical surface analysis of PANI-pf-GCC@ MoS2
was further performed using XPS. A Mo 3d5/2 binding energy
of 229.2 eV represents Mo4+ in 2H−MoS2, and a Mo 3d5/2
binding energy of 232.8 eV is characteristic of Mo6+ such as in
molybdenum trioxide (MoO3) (Figure 4c).46 Combined XPS
survey and high-resolution data further suggested that the S2−/
Mo4+ ratio for MoS2 is not 2 but rather 1.35, indicating the
possible sulfur vacancies in the sample, which is also supported
by Raman spectroscopy. In our sample, S 2p3/2 peaks
associated with sulfide in MoS2 are observed at the binding
energy of 162.1 eV (Figure S13).46 Furthermore, we observed
an overlap between the Mo 3p and N 1s binding energies.
Interestingly, the N 1s peak (Figure 4d) does not show any
protonated nitrogen species, instead a peak at the binding
energy of 400.2 eV can be assigned to molybdenum−nitrogen
coordination bonding.16,49 Thus, this supports our hypothesis
that the coordination bonding interaction between MoS2 and
the porous N-doped graphene helps to grow the flake-like
structure with small edges.50 The N 1s spectrum (Figure 4d)
also displayed the graphitic-N and pyridinic-N peaks at the
binding energies of 398.0 and 401.7 eV, respectively. Notably,
the C 1s peak (Figure S14) at a binding energy of 284.4 eV
was assigned to sp2 C−C, whereas 284.9 eV was for sp3 C−C,
which indicates the retention of the graphitic structure with a
defect in the PANI-pf-GCC@MoS2 sample.
Oxygen Evolution Reaction (OER): Experimental,

Spectroscopic, and Theoretical Analysis. The electro-
catalytic OER activity was tested using a PANI-pf-GCC@Ni as
the working electrode in a typical three-electrode system with a
1 M KOH aqueous electrolyte. First, the polarization curves (J
vs V) were obtained using linear sweep voltammetry, which
shows a fast kinetics wherein a required potential to reach 10
mA/cm2 was found to be 1.36 V (vs RHE) (Figure 5a) and the
corresponding Tafel slope value was 35 mV/decade (Figure
5b). The overpotential of 130 mV is much lower than those
reported previously for Ni in alkaline electrolytes (e.g.,
overpotentials of 300, 290, and 230 mV at the current density
of 10 mA/cm2).51,52 To understand the impact of Ni and the
existence of active sites of PANI-pf-GCC@Ni, polarization
performance evaluation and Tafel slope value calculations were
carried out in three control samples, namely, CC-PANI, CC-
Ni, and PANI-pf-GCC. The polarization graphs showed that
the overpotentials of CC-PANI, CC-Ni, and PANI-pf-GCC
were 770, 446, and 300 mV, respectively (Figure 5a). This
increase in overpotential suggests that the incorporation of Ni
in graphene favored the OER process. Increased Tafel slope
values (246 mV/decade for PANI-pf-GCC and 253 mV/
decade for CC-Ni) (Figure 5b) were further observed for all
the control samples, indicating less availability of active sites, as
well as the necessity of both the porous structure and Ni
simultaneously to achieve efficient oxygen evolution compared
to the PANI-pf-GCC@Ni sample. Generally, good electro-
catalytic performance implies a good electron transfer process
between the electrocatalyst and electrolytes. To investigate
how the electron transfer process affects the electrochemical
properties, EIS was carried out in all the samples. The Nyquist
plot (Figure S15) suggested that the PANI-pf-GCC@Ni

sample has a lower charge transfer resistance (Rct) value (8
Ω) compared to CC-Ni (28 Ω) and PANI-pf-GCC (22 Ω).
These results indicated that the porous structure and Ni
incorporation in the graphene matrix promoted electron
transfer. Electrochemical surface area (ECSA) was further
measured for all of the samples to calculate the number of
electrochemically active sites (Figure 5c). ECSA was calculated
by measuring the double-layer capacitance with different scan
rates in the non-Faradaic zone as they are proportional to the
ECSA.53,54 The larger capacitance value (560 μF/cm2) was
obtained for the PANI-pf-GCC@Ni sample compared to CC-
Ni (302 μF/cm2) and the PANI-pf-GCC (161 μF/cm2)
samples. These values suggest that the nickel species in the
graphene enhanced the intrinsic OER activities, which is
consistent with the measured Tafel slope value. Based on the
electrochemical measurement, we speculate that the higher
OER performance is because of (a) the Ni hydroxide species
formation in the OER process that enhanced the catalytic
activity of PANI-pf-GCC@Ni sample; and (b) a more efficient
charge transfer between electrolyte and electrode due to the Ni
species, the mesoporous structure, and the beneficial synergy
with N-doped graphene support.
To gain further insights into the nature of plausible active

sites and OER mechanisms on these materials, DFT
calculations were conducted to compare nickel clusters
supported on graphene with and without nitrogen doping.
Since we did not detect any Ni−C peaks in the XPS spectrum
nor Ni−N−C single-atom images (although not quantified) in
the high-resolution TEM, we consider a Ni4(OH)3 cluster55

instead of Ni−C or Ni−N−C single-atom sites (see Figure
6a). To accommodate the nickel cluster, we removed two C
atoms from the graphene substrate to create a divacancy
defect56 and substituted N for one of the remaining nearest-
neighbor C atoms to create the nitrogen-doped structure. The
hollow site of the Ni hydroxide cluster was considered as the
catalytically active center.55 Generally, the standard OER
mechanism in alkaline media consists of four coupled
hydroxide-electron transfer steps on surface metal sites,57,7

involving four different surface intermediates: *OH, *O,
*OOH, and *OO. The catalytic cycle starts with a hydroxide
ion attacking the center Ni atom in the first oxidation step,
generating *OH. Another OH− then abstracts the proton from
*OH to form water and facilitate the second oxidation step.
However, rather than the subsequent nucleophilic attack by
another OH− to form *OOH, we found that the third
oxidation step is preferred, which forms another water
molecule by abstracting a proton from a nearby Ni−OH
group, leading to an oxidized active-site ensemble indicated in
Figure 6 as (o)O. As a result, the last oxidation step in the
OER process here involves formally the dissociation of a fourth
OH− ion, regenerating the neighboring Ni−OH and forming
*OO, which desorbs to complete the catalytic cycle. Given the
alkaline environment (pH = 14), the question arises as to
whether the nickel cluster should exist as Ni4(OH)3 or rather
Ni4O3. To a first approximation,58 however, the reaction
Ni4(OH)3 → Ni4O3 + H+ + e− is not pH-dependent under the
same applied potential relative to RHE and the comparison of
the stabilities of the two phases indicates that Ni4(OH)3
prevails at applied potentials until at least U = 1.4 V relative
to RHE. Figure 6b shows the calculated free-energy profiles of
the OER process. For the undoped active-site model,
Ni4(OH)3, the potential-determining step is the first
hydroxide-electron transfer to form the *OH state, with a
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free-energy cost of 2.09 eV at U = 0, which lowers to 0.86 eV
under an applied potential of U = 1.23 V. For the N-doped
active-site model, N−Ni4(OH)3, the highest reaction free
energy occurs at the last step of O2 formation, with ΔG = 1.98
eV that further decreases to 0.75 eV under an applied potential
of U = 1.23 V.
To validate the DFT calculations, XPS studies were further

carried out in C 1s, Ni 2p, O 1s, and N 1s elements in the post-
OER sample (Figure 7a−d) to understand the mechanism
behind the enhanced OER activity. Following the OER
process, the samples underwent LSV multiple times before
being subjected to XPS analysis. In the resulting high-
resolution O 1s XPS spectra (Figure 7c), three discernible
peaks emerged at 530.9, 531.8, and 533.1 eV, corresponding to
lattice oxygen (M−O), oxygen vacancies, and hydroxyl groups,
respectively.59,41,16 Interestingly, the atomic percentage of
oxygen increased significantly from 24 at % in the pristine
sample to 36 at % in the post-OER samples. The rise in oxygen
content can be attributed to the amplified formation of nickel-
oxo layers, as evidenced by the peaks at a binding energy of
857.6 eV in the Ni 2p XPS spectra. While these peaks were
indeed discernible in the pristine material, their presence was
relatively limited compared to the post-OER samples,
indicating a notable increase in the formation of nickel-oxo
species following the OER process. Additionally, the formation
of oxidized C�O and C−O species on the defective graphene
surface contributes to this observed increase in oxygen
content.60,61 The high-resolution Ni 2p peak identification
also provides some insight into the variations in oxidation of
the Ni surface. Similar to the pristine PANI-pf-GCC@Ni
sample, the consistent Ni atomic percentage suggests that a
portion of the catalyst’s surface likely participated in the
formation of Ni hydroxide/oxyhydroxy species during the
OER process. Additionally, it is worth noting that, while a

weak shakeup peak centered around 852.1 eV is indicative of
Ni’s metallic state, it is not initially detected in the pristine
form (Figure S9), post-OER (Figure 7b) reveals a minimal
amount of metallic Ni at 852.1 eV. However, its significantly
low percentage atomic area (0.09) means this can be
disregarded. Consequently, there is no evidence of metal
agglomeration during the catalyst preparation process or
during the OER. This suggests that the catalyst remains stable
without forming larger metal structures. Such stability is
desirable in catalyst design, as it ensures consistent perform-
ance over time. Further, the binding energies of C 1s (binding
energies of the fitted peaks are 284.4 eV for C−C sp2, 284.9 eV
for C−C sp3, 286.3 eV for C−N/C−O, 287.9 eV for C�O,
and 283.6 for carbide) and N 1s (binding energies of the fitted
peaks are 398.2 eV for pyridinic, 399.3 eV for pyrrolic, and
401.5 eV for graphitic) spectra between pristine and post-OER
samples (Figure 7a,d) indicate that the graphene structure is
still intact after OER with nitrogen and metal coordination.
After conducting the OER LSV test, we proceeded with further
characterization of the materials by utilizing Raman spectros-
copy (Figure S16). Upon comparison with the pristine
materials prior to the OER process, the Raman spectrum
exhibits notable features, including a pronounced peak at 368
cm−1 attributed to the Eg vibration mode of the Ni−OH
lattice, and another at 634 cm−1 indicative of stretching
vibration modes of Ni−O nanostructures.62,63 This observa-
tion suggests the formation of additional nickel-oxo layers
within the graphene moiety, a finding that aligns with our XPS
and DFT analysis.
Stability is a crucial aspect of water-splitting electrocatalysts,

significantly impacting their viability for large-scale electro-
lyzers. A durability test was conducted using chronoamper-
ometry for 60 h at a fixed potential vs RHE in 1.0 M KOH, as
illustrated in Figure S17a,b. The electrocatalyst demonstrated

Figure 7. High-resolution XPS of post-OER-PANI-pf-GCC@Ni of (a) C 1s; (b) Ni 2p; (c) O 1s; and (d) N 1s.
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moderate stability during the 60 h electrolysis period.
However, a small amount of physical degradation of the
catalyst from the electrode was observed, likely due to the
continuous detachment of bubbles during the generation of the
O2 generation. Impressively, the LSV (Figure S17b) and Tafel
slope values (Figure S17c) were similar to that of fresh OER
samples, suggesting the robustness of our designed material.
Furthermore, no significant variations in surface morphology
were detected after subjecting all samples to a 60 h stability
test, as observed through high-resolution SEM imaging (Figure
S18).
Hydrogen Evolution Reaction (HER): Experimental

and Spectroscopic Analysis. HER electrocatalysts that
exhibit high activity, stability, abundance, and selectivity are
ideal for cost-efficient hydrogen generation applications. The
activity of HER electrocatalysts is assessed through both the
kinetics and thermodynamics of the reaction at the catalyst
surface. It is primarily reported using metrics, such as
overpotential or current density at a specific potential. The
electrocatalytic HER activity was carried out using a PANI-pf-
GCC@MoS2 as the working electrode in a typical three-
electrode system with a 0.5 M H2SO4 aqueous electrolyte. The
overpotential required to reach 10 mA/cm2 was found to be
178 mV (vs RHE) (Figure 8a), and the corresponding Tafel
slope value was 40 mV/decade (Figure 8b). The low Tafel
slope for PANI-pf-GCC@MoS2 suggests fast kinetics of
hydrogen production and that the Volmer−Heyrovsky
mechanism is likely operable in which hydrogen desorption
is a rate-limiting step, as previously reported.16 Despite the
much simpler fabrication scheme, the overpotential and Tafel
slope values reported in this work are competitive with the

previously reported results, such as commercially available Pt/
C, Co-MoS2, 1T-MoS2, Au-decorated MoS2 nanosheets, and
others (Table S1). Furthermore, to understand the impact of
MoS2 and the existence of PANI-pf-GCC@MoS2 active sites,
polarization performance evaluation and Tafel slope value
calculations (Figure 8b) were carried out in two control
samples, namely, CC@MoS2 and PANI-pf-GCC. All these
samples showed higher overpotential (284 mV for CC@MoS2
and 536 mV for PANI-pf-GCC) and increased Tafel slope
values (80 mV/decade for CC@MoS2 and 325 mV/decade for
PANI-pf-GCC), suggesting that porosity and small edges of
MoS2 as a result of PANI-pf-GCC@MoS2 synthesis signifi-
cantly improve the electrochemical activity for hydrogen
evolution. EIS and ECSA calculations support this observation.
A deeper understanding of the electrochemical kinetics of HER
was obtained through ECSA, which assessed Cdl as this is a key
factor in the performance of electrocatalytic water splitting.
The electrocatalytic activity of a material is greatly affected by
its ECSA. Generally, a superior catalyst exhibits higher Cdl and
a larger ECSA, resulting in an enhanced electrocatalytic
performance. Additionally from EIS, a Nyquist plot (Figure
S19) was made, which suggested that the PANI-pf-GCC@
MoS2 has a lower charge transfer resistance (Rct) value (9 Ω)
compared to other samples indicating that the porous structure
and MoS2 incorporation in the graphene matrix promoted
electron transfer. Similarly, a higher capacitance value (19 mF/
cm2) was obtained for the PANI-pf-GCC@MoS2 compared to
CC-MoS2 (9.5 mF/cm2) and PANI-pf-GCC (8 mF/cm2)
suggesting enhanced intrinsic HER activities (Figure 8c).
The above results clearly demonstrated MoS2 on N-doped

porous graphene as an excellent nonmetal HER electrocatalyst.

Figure 8. HER performance of synthesized catalysts in a 0.5 M H2SO4electrolyte. “N-Doped graphene” without any catalyst was used as a reference
for comparison. (a) Polarization graph of different catalysts at a scan rate of 5 mV/s, where the y axis was normalized based on the geometric
surface area; (b) corresponding Tafel plots; (c) electrochemical surface area; (d) HER performance comparison between PANI-pf-GCC@ MoS2
and PANI-pf-GCC@Ni-MoS2 samples in a 0.5 M H2SO4 electrolyte. Polarization graphs were made using a scan rate of 5 mV/s, and the surface
area was normalized based on the geometric surface area; (e) corresponding Tafel plots; and (f) electrochemical surface area.
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However, several reports suggested that metal incorporation in
the carbon matrix can further enhance HER perform-
ance.11,64−66 Hence, we prepared a Ni-MoS2 hydride structure
and compared the electrochemical performance with that of
PANI-pf-GCC@MoS2 to understand the metal dopant effect
in our material. Indeed, a decrease of 19 mV in overpotential
with a lower Tafel slope value of 37 mV/decade was observed
for PANI-pf-GCC@Ni-MoS2 compared to PANI-pf-GCC@
MoS2 (Figure 8d−f and Figure S20). The XPS survey
spectrum confirmed the presence of Ni, Mo, S, O, C, and N
elements in the PANI-pf-GCC@Ni-MoS2 sample, respectively
(Figure S21). As deconvoluted in the high-resolution XPS
spectra of Mo (Figure S22a), a Mo 3d5/2 binding energy of
229.1 eV can be assigned to Mo4+ in 2H−MoS2, and a Mo
3d5/2 binding energy of 233.1 eV is for Mo6+ like in
molybdenum trioxide. The presence of small amounts of Mo
in the +6 oxidation states in all samples is consistent with the
known propensity of MoS2 to undergo edge oxidation. It is
important to note that no oxysulfide peak was observed in the
high-resolution S 2p XPS spectra (Figure S22b). From our
electrochemical analysis, the effectiveness of the HER process
correlates directly with the presence of active sites on the
catalyst’s surface (Figure 8). Within MoS2, active sites can
manifest along both the edge and basal planes. The activation
of the thermodynamically favored basal planes could hold
considerable promise for boosting the electrocatalytic perform-
ance of MoS2, as it would render all the surfaces reactive for
the HER. Recent studies have demonstrated effective strategies
for activating these basal planes, including platinum mixing
into the structure or inducing sulfur vacancies in 2H-MoS2.

67,68

However, Ni doping in the basal plane is highly unfavorable
and difficult as revealed by Wang et al.;69 hence, our study did
not consider this aspect because there is no theoretical or
experimental evidence supporting the activation of MoS2 basal
planes following the inclusion of transition metals over the
basal-plane surface. It is also noted that, in MoS2, the primary
active sites are the sulfur atoms located at the edges, whereas
the basal plane of 2H−MoS2 remains inert unless defects are
present. This explains why in PANI-pf-GCC@MoS2, oxidation
of the material can potentially obstruct the reactive sulfur sites,
as evidenced by the Tafel slope values (Figure 8) being higher
compared to those of PANI-pf-GCC@Ni-MoS2 catalysts. An
observation worth noting was the high-resolution XPS of Mo
3d and S 2p in PANI-pf-GCC@Ni-MoS2, which indicated an
S2−/Mo4+ ratio of 1.82, a significant change from the sample
without Ni doping (S2−/Mo4+ ratio of 1.35). The phenomenon
can be rationalized by the formation of an atomic layer
Ni(OH)2 shell, which acts as proton acceptor sites that
catalyze the HER activity during the electrocatalytic process, as
indicated by both the S2−/Mo4+ ratio and overpotential
observed for the catalysts.70 Hence, examining the Ni 2p
spectra of PANI-pf-GCC@Ni-MoS2 is crucial for assessing the
oxidation state of the Ni dopant atoms and detecting the
presence of nickel species such as oxides or sulfides. The
deconvolution of the Ni 2p3/2 component (Figure S23a)
reveals the prevalence of oxidized species like Ni(OH)2 at the
binding energy of 856.1 eV.71 However, the Ni and S XPS data
also suggested the absence of 852.7 and 162.5 eV peak binding
energies for nickel sulfide in the PANI-pf-GCC@Ni-MoS2
sample. Thus, the observed conversion in the oxidation state of
Ni after HER will significantly impact the electrocatalytic
performance of the PANI-pf-GCC@Ni-MoS2 sample. From
the N 1s spectrum (Figure S23b), we also observed a Mo−N

coordination peak at a binding energy of 400.0 eV, alongside
N-pyridinic and N-graphitic peaks at binding energies of 397.7
and 401.4 eV, respectively. The deconvoluted C 1s peaks with
binding energies of 284.4 eV for C−C sp2, 284.9 eV for C−C
sp3, 286.3 eV for C−N/O, 287.9 eV for C�O, and 283.9 eV
for carbide (Figure S23c) confirmed the maintenance of the
defected graphene structure as well during Ni incorporation.
XPS analysis conducted on the post-HER operation of the

PANI-pf-GCC@Ni-MoS2 sample in C 1s, Mo 3d, O 1s, and N
1s elements (Figure S24) provides additional understanding
regarding the destiny of the active sites. The post-HER samples
were prepared by multiple cycles of LSV and then analyzing
the XPS. Following the high-resolution Mo 3d and S 2p
spectra analysis (Figure S24e,f), no significant changes in the
S2−/Mo4+ ratio were detected post-HER compared to the
pristine PANI-pf-GCC@Ni-MoS2. The ratio can be attributed
to two potential scenarios: one possibility is that sulfur
vacancies were refilled with extra sulfur atoms, although this is
unlikely. Alternatively, metals might protect these vacancies
during the electrocatalytic process. These hypotheses offer
promising directions for a deeper investigation. From the XPS
data, our primary observation of the Ni 2p3/2 component in the
fresh and post-HER operated PANI-pf-GCC@Ni-MoS2
samples suggests an increased shift in the Ni 2p3/2 peak of
post-HER sample to around 857.0 eV, this is the characteristic
XPS peak of NiOOH. This is accompanied by an increase in
the intensities of Ni 2p3/2 and Ni 2p1/2 satellite peaks
(approximately 861.0 and 873.5 eV, respectively). This shift
suggests that, when subjected to HER conditions, the doping
Ni atoms undergo a spontaneous increase in their oxidation
state, a finding that aligns with our electrochemical analysis. In
their investigation conducted in 2016, Escalera-Loṕez and
colleagues also documented a similar phenomenon within their
experimental setup, reinforcing the observed trend.11 This also
explains why Tafel slopes of PANI-pf-GCC@Ni-MoS2 fell at
37 mV/decade (Figure 8), as the high chalcogen deficiency in
the metal-to-chalcogen ratio can lead to lower active sites
because of the formation of oxides such as MoO3 at the sulfur
defect due to the isovalent characteristic of S and O.72

However, having a NiOOH layer makes the metal-to-
chalcogen ratio less sulfur deficient during the HER process,
which is attributable to the increased accessibility of active sites
as the sulfur atom participates in the efficient electrochemical
adsorption and desorption processes.11,4 Given that Ni can
effectively dope both Mo and S edge sites, it is reasonable to
anticipate some contribution from Mo sites as well. The high-
resolution XPS spectra of Mo 3d and O 1s revealed a
significant 40% increase in the oxygen-to-molybdenum ratio
post-HER operation in PANI-pf-GCC@Ni-MoS2 samples,
whereas the oxygen-to-sulfur ratio (from S 2p and O 1s)
only increased by 15% compared to pristine PANI-pf-GCC@
Ni-MoS2 samples. This phenomenon is probably attributable,
although it is not fully quantified for this work, to the increased
interaction between oxygen and molybdenum in the form of
MoO3 without Ni support, in contrast to the Ni-protected
sulfur sites, which hinder the oxidation of sulfur atoms during
the HER process. Since MoO3 lacks catalytic activity for the
HER, it is highly likely that certain Mo atoms situated at the
edges remain unaffected and could potentially play a role in the
HER process. It is essential to acknowledge that identifying the
precise Ni doping position will be challenging, but it can be
done through XPS analysis alone. Nevertheless, our XPS
analysis supports the idea that the Ni-doped S edge sites will
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become fully active for the HER only when Ni-doped atoms or
clusters oxidize.
The stability of the HER electrocatalyst was verified over 60

h using chronoamperometry at a fixed overpotential vs RHE in
0.5 M H2SO4, and then LSV followed by Tafel slope value
calculations (Figure S25). Impressively, no significant changes
in the LSV and Tafel slope value were observed compared to
that of the fresh HER sample suggesting excellent durability of
our designed material for potential real-world applications.
High-resolution SEM images of post-HER performance
(Figure S26) indicated no significant alterations in the surface
morphologies of PANI-pf-GCC@Ni-MoS2, suggesting that
hydrogen gas production had a minimal impact on the film
surfaces.
Hydrogen Evolution Reaction (HER) in Commercial

Alkaline Water Electrolyze Conditions. While most HER
studies prioritize acidic media, real-world applications neces-
sitate assessment in alkaline electrolytes. Considering the
outstanding performance of PANI-pf-GCC@Ni-MoS2 for
HER in an acidic medium, we investigated HER activities in
1 M KOH electrolyte solution. The J versus V graph (Figure
S27) showed a slightly higher overpotential of 175 mV and a
slightly higher Tafel slope value of 42 mV/decade at a current
density of 10 mA/cm2. The overpotentials of Ni-doped MoS2
in acidic conditions are influenced by edge or boundary
exposure, which is less active in alkaline environments.
Therefore, it may be speculated that the primary HER sites
shift from edges in acid to basal planes in alkaline solutions.
Given that our MoS2 lacks significant basal-plane activation
(only the 1T phase of MoS2 exhibits an active basal plane for
HER activation), it is anticipated to exhibit higher Tafel slope
values and overpotentials when compared with acidic electro-
lytes. This observation is supported by an existing literature.16

We further measured the HER activities in commercial alkaline
conditions, which is 30 wt % KOH (∼6M) electrolytes at 80
°C temperature. As shown in Figure S27, the PANI-pf-GCC@
Ni-MoS2 exhibited impressive HER activities even in harsh
conditions with a minimal change in the overpotential to attain
the 10 mA/cm2 current density. This observation indicates that
our PANI-pf-GCC@Ni-MoS2 electrocatalyst is not limited to
acidic media but extends its suitability to alkaline media as
well. Moreover, these experiments under diverse conditions,
including high-temperature environments, underline the
versatility and durability of our catalyst, making it highly
relevant for electrolyzer applications.

■ CONCLUSIONS
An energy-efficient and rapid fabrication of a porous N-doped
graphene/carbon cloth substrate was demonstrated to yield
high-performance electrocatalysts for both oxygen and hydro-
gen evolution reactions. The material was synthesized by rapid
photothermal pyrolysis of a PANI-carbon cloth composite
obtained by electropolymerization of PANI. Compared to
conventional annealing methods, the proposed photothermal
pyrolysis achieves fast pyrolysis in seconds, yielding mechan-
ically stable mesoporous N-doped graphene structures with
well-dispersed pores. This substrate enhances the electro-
catalyst−substrate interconnection, which is crucial for the
catalytic efficiency. SEM images showed the homogeneous
distribution of N-doped graphene on a carbon cloth substrate.
By electrochemically depositing and growing Ni species and
MoS2 on the N-doped graphene, the corresponding PANI-pf-
GCC@Ni and PANI-pf-GCC@Ni-MoS2 materials were

obtained. Incorporating Ni and MoS2 in the N-doped
graphene matrix enhanced the electrocatalysis activity toward
the OER and HER under alkaline and acidic conditions, as
confirmed by their lower Tafel slopes, lower overpotentials,
and higher electrochemical surface area calculations. Based on
XPS and DFT analysis, the exceptionally high electrocatalytic
activity for the OER was attributed to the formation of Ni
hydroxide species, whereas Ni doping protects MoS2 from
sulfur oxidation, maintaining stable performance ratios critical
for optimal HER activity. Impressively, both electrocatalysts
showed long-term durability for at least 60 h without
compromising their electrochemical activity. Further, the
HER activity of the PANI-pf-GCC@Ni-MoS2 material was
measured under commercial alkaline conditions to understand
the suitability of the material in industrial electrolyzers. These
detailed findings can be a significant step toward practical and
economical oxygen and hydrogen production that may
stimulate broad interest in reducing fossil fuel consumption.
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