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1. Introduction

Tandem NiO-Ni(OH),/VS, nanosheets: a robust
photocatalyst for hydrogen evolutionf

Mona S. NourEldien, *3 |slam M. lbrahim® and

Hisham M. Aly (2

*3 Mostafa Y. Nassar,

The utilization of hydrogen as a sustainable alternative to fossil fuels is gaining momentum due to its
environmental compatibility and recyclability. In this study, we present a novel approach employing a
NiO—-Ni(OH), hybrid decorated on VS, nanosheets, synthesized through a facile one-pot hydrothermal
method, for enhancing the photocatalytic activity in the hydrogen evolution reaction (HER) from a
methanol—water mixture under visible light irradiation. The synthesized samples underwent comprehen-
sive characterization via XRD, FT-IR, SEM, TEM, XPS, BET, optical bandgap determination, and
electrochemical analyses including CV, LSV, Tafel slope, and EIS Nyquist plot. Characterization results
revealed that the presence of a minor quantity of NiO-Ni(OH), effectively restrained the growth of VS,
crystallites, leading to a reduction in average crystallite size with increasing NiO—-Ni(OH), content. XPS
analysis confirmed the presence of NiO-Ni(OH), on VS, and the oxidation states of V** and Ni*
cations. Notably, the photocatalytic experiments demonstrated that NiO-Ni(OH), served as an excellent
co-catalyst for enhancing H, production over VS,, with the H, production rate of 41642.2 pmol g*1 ht
achieved with a loading of 0.8 mol% of NiO-Ni(OH), to VS,, surpassing the pristine VS, by over fourfold.
The enhanced H, production activity was attributed to the accumulation of NiO-Ni(OH), particles on
the VS, surface, facilitating efficient movement of photoexcitons and minimizing photogenerated
electron—hole pair recombination, thereby reducing hydrogen production overpotential and enhancing
catalytic hydrogen generation. The outstanding performance and durability of the NiO-Ni(OH),/VS,
photocatalyst suggest its potential as a cost-effective and promising candidate for hydrogen evolution
reaction photocatalysis.

and environmentally friendly engineering approach for facilitating
the photocatalytic H, evolution reaction. Numerous semiconductor

Energy crises and environmental pollution from conventional
energy sources (coal, oil, etc.) drive the transition to clean,
renewable, and sustainable energy.”* Solar energy, the world’s
most abundant energy source for human consumption, has
become a major research topic in the 21st century. Therefore,
the efficient utilization and enhanced conversion efficiency of
solar energy have significant implications for natural resources
and the environment.> Hydrogen (H,) is recognized as one of
the most reliable options.*® Hence, it is highly recommended
to collect and preserve solar energy resources by converting
solar energy and water into hydrogen through decomposition.”®
Semiconductor photocatalysis represents a promising, cost-effective,
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photocatalysts responsive to both UV and visible light have been
developed.”™*

Recently, transition metal oxides, sulfides, selenides, and
phosphides have emerged as effective photocatalysts, replacing
noble-metal catalysts.”>™** Notably, there has been significant
attention toward layered two-dimensional (2D) transition metal
dichalcogenide (TMDC) materials including VS,, WS,, and
MoS,. This is because they possess a distinctive 2D layered
structure similar to graphene and contain catalytically active
edge sites.>'>!® vanadium disulfide (VS,), a transition metal
dichalcogenide (TMD), features a hexagonal graphite structure
with a 5.76 A lattice spacing.'” Its composition comprises layers
arranged in an S-V-S structure, wherein two sulfur layers are
interconnected via the van der Waals force.'® This unique
structure facilitates the separation of photogenerated positive
and negative charges during light-catalyzed processes.'®
Furthermore, the layered VS, exhibited exceptional efficiency
in generating hydrogen at its metallic edges.'>*® It is well-
known that photocatalysis involves light absorption, carrier
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movement, electron-hole separation, and surface reactions.*"
The quantum efficiency of photocatalysts is primarily limited
by severe photo-corrosion and rapid recombination of photo-
generated carriers.>>** The catalytic efficacy of VS, encounters
such significant challenges, necessitating the incorporation of
an electron-trapping co-catalyst to facilitate water reduction to
H,.>*?* Despite VS, nanosheets (NS) meeting several energy
criteria for being an effective HER photocatalyst, there are no
reports yet of VS, nanosheets-based photocatalysts that fully
exploit the potential of VS, for HER. On the calculation aspect;
(i) VS, NSs are stable under light in aqueous solutions and do
not experience photocorrosion. After the photocatalytic pro-
cess, they can be easily retrieved from the water mixture.
(i) The valence band of VS, NSs is expected to have a higher
positive charge compared to the redox potential of Oy)/H,O(,
(1.23 V vs. NHE at pH = 0). Conversely, its conduction band
should have a lower negative charge than the redox potential of
the H'/Hy g couple (0 V vs. NHE at pH = 0). And (iii) VS, NSs
have a band gap exceeding 1.6-1.8 €V, as documented in the
literature.>*® These conditions align with the specified criteria
necessary for an effective HER photocatalyst.”” Consequently,
the development and implementation of catalysts centered
around VS, remain a priority in enhancing the efficiency of
photocatalytic water splitting for hydrogen production.*®
While precious metals such as platinum (Pt), silver (Ag), and
ruthenium dioxide (RuO,) exhibit high efficiency as cocatalysts
in the hydrogen evolution reaction, their scarcity and cost
constrain their applicability in photocatalytic hydrogen gas
production.”®*® Conversely, in recent years, transition metal
nickel-based cocatalysts have attracted considerable interest
in photocatalysis due to their cost-effectiveness, widespread
availability, structural robustness, ease of preparation, and
commendable performance in the hydrogen evolution reaction
(HER).>"** Mostly, the catalytic efficiency of nano-oxides is
notably affected by their composition, morphological structure,
particle size, and surface properties; these factors can be influ-
enced by the synthetic methods employed.***> In oxide nano-
particles, the surface area is typically much greater than that of
bulk materials.>® Consequently, surface species exhibit distinct
local geometries compared to the bulk, significantly influen-
cing chemical reactivity.>”*® NiO nanoparticles are character-
ized by excellent hole mobility, hybrid shells, cost-effectiveness,
electrical conductivity, and catalytic properties.***° In addition,
the Ni(OH), material also has a significant impact on photo-
catalytic hydrogen production, similar to NiO cocatalysts.*'™**
The high electronegativity of Ni(OH), may contribute to the
reduction of photogenerated carrier recombination.®® Integrat-
ing NiO and Ni(OH), within a binary cocatalyst system is
anticipated to enhance photocatalytic HER efficiency. Recent
findings have highlighted NiO/Ni(OH), as an efficient cocata-
lyst for H, generation.*>*® This is attributed to the material’s
work function, which facilitates the separation of photoexcited
charge carriers on the photocatalyst, resulting in the generation
of sufficient active species for H" reduction to H,.**
Therefore, this study presents a new interconnected hetero-
structure comprising VS, integrated with a co-catalyst system of
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NiO-Ni(OH),. Using a straightforward one-step hydrothermal
technique, the NiO-Ni(OH),/VS, nanocomposite was synthe-
sized and exhibited a robust photocatalytic activity for the
hydrogen evolution reaction (HER) under visible light (1 >
420 nm). Employing methanol as a sacrificial reagent, the
optimized NiO-Ni(OH),/VS, catalyst demonstrated a fourfold
enhancement in photocatalytic HER activity compared to
pristine VS,. The remarkable photocatalytic activity can be
attributed to the rapid electron transfer rate and minimal
recombination of photogenerated electron-hole pairs facili-
tated by NiO-Ni(OH), on the VS, surface. Furthermore, a
potential mechanism for the photocatalytic HER was proposed,
and the catalyst’s recyclability was thoroughly investigated and
clarified. Ni(OH),/VS, and NiO/VS, were also synthesized for
comparison purposes to highlight the role of the NiO-Ni(OH),
hybrid material in photocatalytic hydrogen evolution reaction
(HER).

2. Experimental

All the chemicals were utilized in their original form without
additional purification. Sodium orthovanadate (Na3V0,,99%),
thioacetamide (CH3CSNH,, 99%), nickel chloride (NiCl,-6H,0,
99%), sodium hydroxide (NaOH, 99%), ethanol (C,HsOH,
99.9%), methanol (CH30H, 99.5%), sulfuric acid (H,SOy,,
98%) and polyvinylidene fluoride (PVDF, 99%) were purchased
from Sigma-Aldrich company. Deionized (DI) water served as
the solvent and was employed for washing purposes through-
out the studies.

2.1 Synthesis of Ni-based cocatalyst species (Ni(OH),, NiO-
Ni(OH), and NiO)

Initially, Ni(OH), was synthesized employing a hydrothermal
reaction.”® Briefly, NiCl,-6H,O (1.0 g, 4.21 mmol, 1.00 eq.) and
NaOH (1.0 g, 25.0 mmol, 5.94 eq.) were dissolved separately in
100 mL of DI water under stirring for 1 hour. Subsequently,
both solutions were combined with stirring. The green gel
product solution was transferred to a Teflon-lined autoclave
housed within a stainless steel enclosure. This setup was then
heated at 180 °C for 10 hours. After the thermal treatment, the
product was washed with deionized (DI) water and subse-
quently dried at 60 °C to yield PB-Ni(OH),. Subsequently,
the product was subjected to heat in the air at 250 °C, with a
ramp rate of 1 °C per minute, for 2 and 4 hours to obtain
NiO-Ni(OH), and NiO nanoparticles, respectively.” Following
thorough grinding and rinsing with DI water and ethanol for at
least three cycles, the calcined samples were vacuum-dried at
60 °C for 3 hours.

2.2 Synthesis of VS, and Ni-based cocatalysts/
VS, nanocomposites

The synthesis of the optimal NiO-Ni(OH),/VS, nanocomposites
involved a one-pot hydrothermal method. Initially, thio-
acetamide (TAA) (1.127 g, 15.0 mmol, 5.00 eq.) and sodium
orthovanadate (NazV0O,) (0.5517 g, 3.00 mmol, 1.00 eq.) were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthesis process of NiO-Ni(OH),/VS, nanocomposite.

dissolved in 30 mL of deionized (DI) water. The resulting
mixture was magnetically stirred for 1 hour to ensure homo-
geneity. Subsequently, 0.10 g of NiO-Ni(OH), was added to the
solution and stirred for an additional hour. The combined
solution was then transferred into a 100 mL Teflon-lined
stainless autoclave, sealed, and placed in an oven maintained
at 160 °C for 24 hours. After cooling, the final product was
washed with ethanol and DI water multiple times. The resulting
black powder was vacuum-dried at 80 °C for 10 hours.
To provide a basis for comparison, we also prepared Ni(OH),/
VS, and NiO/VS, nanocomposite using the same procedure
mentioned earlier. The synthesis process of NiO-Ni(OH),/VS,
optimal nanocomposite is illustrated in Scheme 1. Various
NiO-Ni(OH),/VS, nanocomposites with different molar ratios
(mol%) of NiO-Ni(OH), to VS, were prepared. The nominal
mol% of NiO-Ni(OH), to VS, was set as 0, 0.2, 0.4, 0.6, 0.8, and
1, and the corresponding samples were denoted as VS,, VNO0.2,
VNO.4, VNO.6, VNO.8, and VN1, respectively. Pristine VS, (pre-
pared using the same process without adding NiO-Ni(OH),)
was also synthesized for comparison purposes."®

2.3 Photocatalytic generation of hydrogen

The photocatalytic hydrogen generation capability of the as-
prepared photocatalysts was assessed as follows: Initially,
20 mg of the photocatalyst was introduced into a 50 mL
methanol aqueous solution (10 vol%) in a sealed Pyrex reactor.
This reactor was illuminated internally by a 200 W tungsten
lamp and kept at room temperature. The reaction setup
involved sonication for 15 minutes to ensure even distribution
of the photocatalyst. Subsequently, nitrogen was passed
through to eliminate air before exposing it to light. Each
measurement underwent 30 minutes of magnetic stirring.
The MQ-8 gas sensor was employed to quantify hydrogen
production.*®*® In the absence of hydrogen, the sensor’s resis-
tance was denoted as R,. An increase in hydrogen concen-
tration leads to a decrease in the resistance, Ry of the sensor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Therefore, the amount of hydrogen gas detected by the sensor
was determined from the ratio of R, to R,. For this experiment,
we calibrated the MQ-8 gas sensor using 99.99% pure hydro-
gen. The value of Ry/R, was 1 at 0 ppm hydrogen concentration,
0.09 at 1000 ppm, and 0.04 at 10000 ppm, demonstrating a
logarithmic decrease with increasing hydrogen concentration.
Arduino Uno Software can save hydrogen gas generation in
ppm onto computer memory by attaching Ry/R, changes to a
microcontroller."* H, concentration, detected in ppm by a gas
sensor, was converted to pmol g~ *. The experiment for hydro-
gen production through photocatalysis was conducted three
times using the most efficient photocatalyst. The experimental
setup is depicted in Scheme 2.

The apparent quantum efficiencies (AQEs) of the pristine
VS, and the optimal NiO-Ni(OH),/VS, nanocomposite for the
evolution of H, were computed using the equation below:

2 x number of evolved H, molecules
number of incident photons

AQE% =

x 100 (1)

The light intensity was determined to be 10794.1 luminous m >

or lux using a UT382 Luminometer (Uni-t, China), with an
irradiation area of approximately 0.29 m? at 1 equals 420 nm.
Therefore, the mean irradiance power was determined to be
689.65 W m > throughout the entire duration of photocatalytic
hydrogen production.

Additionally, the stability of the VNO0.8 nanocomposite
was assessed through seven recycling trials, each cycle lasting
120 min per day. After each cycle, the reactor was kept in dark
condition and purged with N, gas before moving to the
succeeding cycle.

2.4 Materials characterization

The structural analysis of the initial samples was performed
using various techniques. X-ray diffraction (XRD) was conducted
using a Bruker model D8 Advance instrument with Cu-Ka
radiation and a 0.02° step interval. The identification of crystal-
line phases relied on comparing peak positions with standard
JCPDS files. Fourier transform infrared spectroscopy (FT-IR)
was employed to identify main functional groups, using a
Thermo Scientific Nicolet iS10 instrument within the 4000~
400 cm ™' range. N, adsorption/desorption isotherms at 77 K
were employed to examine the textural surface characteristics
and pore size distribution using a BELSORP36 analyzer (JP. BEL
Co., Ltd). Surface composition and chemical state analysis were
carried out via X-ray photoelectron spectroscopy (XPS) using
Thermo Fisher Scientific equipment with Al K-alpha radiation
ranging from —10 to 1350 eV. Morphological examination
utilized field emission scanning electron microscopy (FE-SEM)
with energy dispersive X-ray (EDX) analysis, operating at 30 kv,
and high-resolution transmission electron microscopy (HR-TEM)
with in situ selective area electron diffractometry (SAED), per-
formed using a JEM-2100 instrument at 200 kV. Additionally,
diffuse reflectance spectra (DRS) were measured using a Jasco
UV-visible spectrophotometer model V670 with an integral sphere
model (ISN-723), referencing barium sulfate.

Mater. Adv,, 2024, 5, 9107-9123 | 9109
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Scheme 2 The setup of the experimental apparatus for the photocatalytic H, production.

2.5 Electrochemical measurements

To evaluate the electrochemical capabilities, a potentiostat
(Digi-Ivy 2116, USA) was employed alongside a conventional
three-electrode cell setup. The counter electrode comprised Pt
wire, while an Ag/AgCl electrode saturated with KCI served as
the reference electrode. The working electrode consisted of
sample films deposited on ITO glass. The working electrodes
were prepared as follows: 40 mg of the material was mixed with
8 mg of PVDF and 1 mL of ethanol to form a slurry, which was
then coated onto the conductive surface of the ITO glass and
air-dried. Cyclic voltammetry (CV) and linear sweep voltam-
metry (LSV) were conducted over the voltage range of 0.2
to 1V at a scan rate of 5 mV s~ '. Electrochemical impedance
spectroscopy (EIS) was carried out using a Metrohm autolab
(PGSTAT 204, Netherlands) over a frequency range of 10~ " Hz-
100 kHz with an alternating current (AC) amplitude of 0.5 V.
An aqueous solution of 1 M H,SO, was used as the electrolyte.
The measured potentials were transformed to the reversible
hydrogen electrode (RHE) scale, applying the following

14

eqn (2):
E(V vs. RHE) = E(V vs. Ag/AgCl) + 0.0591 x pH + 0.198  (2)
2.6 Computational studies

The density functional theory (DFT) calculations were con-
ducted using the Material Studio software, employing the
CASTEP code.”® The exchange-correlation effects were modeled
with the generalized gradient approximation (GGA), using the

9110 | Mater. Adv., 2024, 5, 9107-9123

Perdew-Burke-Ernzerhof (PBE) functional. Core-electron inter-
actions were treated using the projector augmented wave (PAW)
method, while the electron wave functions were expanded
using a plane-wave basis set with an energy cutoff of 400 eV.
Geometry optimizations and electronic structure calculations
were performed until convergence was reached using BFGS,
with an energy tolerance of 10~° eV. The convergence criteria of
energy and force calculations were set to 5 x 10~ ° eV per atom
and 0.03 eV A™*, respectively. All simulations employed peri-
odic boundary conditions and a Monkhorst-Pack k-point mesh
for Brillouin zone sampling. A vacuum region of 15 A was
applied to avoid interactions between the neighbouring config-
urations. This computational strategy provided insights into
the adhesion energy and electronic interactions between VS,
and NiO-Ni(OH), in the hybrid material.

3. Results and discussion
3.1 Characterization of photocatalysts

XRD analysis was employed to examine the crystalline patterns
of both pristine and coupled VS, samples. Fig. 1(a) displays the
XRD patterns for VS,, VN0.2, VN0.4, VNO.6, VNO.8, and VN1,
along with the standard spectrum line from JCPDS cards VS,
PDF (01-089-1640) and elemental S PDF (98-000-0420). The
analysis confirmed a layered hexagonal VS, crystal structure
with lattice parameters @ = b = 3.2210 A and ¢ = 5.7550 A, as
evidenced by comparing diffraction peaks (lattice planes) in the
pristine sample with JCPDS card 01-089-1640 data.’® After the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of (a) pristine VS,, NiO-Ni(OH), and NiO-Ni(OH),/VS, nanocomposites; and (b) Ni-based cocatalysts and their corresponding VS,

nanocomposites.

deposition of NiO-Ni(OH), nanoparticles, the characteristic
peaks of VS, shifted slightly to lower angles, corresponding to
the change in d-spacing of the plane for VN0.2, VN0.4, VNO.6,
VNO0.8, and VN1 samples as shown in Table S2 (ESI{). The
high intensity observed at 35.6° for both pure and suppor-
ted VS, samples elucidated the orientation of crystal growth in
the (011) lattice plane, consistent with TEM findings. No
noticeable diffraction peaks for NiO-Ni(OH), were observed.
This is expected, given that NiO-Ni(OH), has a low loading
amount, weak crystallinity, and is well-dispersed across the VS,
surface.>

The interplanar spacing ‘@’ for all lattice planes was deter-
mined by applying Bragg’s law eqn (2),>* with results presented
in Table S2 (ESIf),

nA = 2dsin 6

(3)

where, n = the order of reflection, d = lattice spacing, A =
wavelength of the X-ray source, and 0 = diffraction angle. The
lattice spacing for the (011) plane of virgin VS, was determined
to be 0.25 nm. However, no noticeable alteration in lattice
spacing was seen in supported VS, samples, which also mea-
sured 0.25 nm for the (011) plane.

The crystallite size (D) was determined by the Debye-Scherer
eqn (4),>® and shown in Table S2 (ESIY),

 k
" B cos 6

4)

where 0 = diffraction angle, K = 0.9, and f = full width at half
maximum (FWHM). The crystallite size of the pristine VS,
nanosheet was found to be 20.98 nm, consistent with previous
reports.”® The results indicated a reduction in crystallite size in
supported VS, samples, from 20.98 to 17.57 nm, as shown in
Table S2 (ESIT). This reduction suggested that the presence of
NiO-Ni(OH), inhibited the growth of VS, crystallites by creating
various boundaries and suppressing mass transportation.”

© 2024 The Author(s). Published by the Royal Society of Chemistry

The alignment of XRD peaks within the range of 20 = (20°-30°)
with the JCPDS line spectrum (98-000-0420) suggested the
existence of elemental sulfur (S). This presence was likely attri-
buted to an excess of sulfur ion reduction caused by a small
amount of TAA impurities in the pores of VS,."**® The XRD
patterns of the Ni-based cocatalysts and their corresponding
supported VS, nanocomposites are depicted in Fig. 1(b). The
Ni(OH), substance was subjected to heating for varying dura-
tions: 2 and 4 hours, each at 250 °C. This temperature was
chosen for its effectiveness in dehydrating nickel hydroxide,
leading to the creation of NiO.*”®” However, not all samples
were entirely converted to NiO, the composition of the resulting
Ni species changed depending on the duration of the calcina-
tion process. The XRD outcomes indicated a complete conver-
sion of the sample into NiO after being subjected to 4 hours of
heat exposure having peaks at 36.5°, 42.7°, 61.8°, and 75.1°
corresponded to the (111), (200), (220) and (311) planes (JCPDS
PDF 47-1049).>® On the other hand, the non-calcined sample
(Ni(OH),) remained NiO-free and exhibited diffraction peaks at
18.51°, 33.18°, 38.2°, 59.18°, and 62.32° (JCPDS PDF 14-0117),>°
corresponding to the lattice planes (001), (100), (101), (011), and
(111), indicating the beta structure, B-Ni(OH),. After being
exposed for 2 hours at 250 °C, only a small portion of
B-Ni(OH), transformed NiO. In the NiO-Ni(OH), sample, both
B-Ni(OH), and NiO peaks were observable in the spectrum. The
XRD analysis of the NiO/VS, and Ni(OH),/VS, nanocomposites
showed similar lattice planes for VS,, with slight variations in
XRD peak intensities and line broadening attributed to modest
coupling effects.

Additionally, the morphology of the samples was scrutinized
via field-emission scanning electron microscopy (FE-SEM) and
high-resolution transmission electron microscopy (HR-TEM),
as depicted in Fig. 2 and 3, respectively. Fig. 2(a) displays a
representative low-magnification FE-SEM image of VS,, reveal-
ing a flower-like microstructure comprising randomly stacked

Mater. Adv,, 2024, 5, 9107-9123 | 9111
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(a) and (b) Low magnification SEM images of the VS, sample and VNO.8, respectively; (c) and (d) high magnification SEM images of the VS, sample

and VNO.8, respectively; (e) EDX data of VNO.8; and (f) the corresponding EDX elemental mappings.
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(a) and (b) HR-TEM images of VNO.8 at different magnifications; highlighted regions of (b) show an interlayer spacing (bl), the lattice spacing of

VS, (b2), Ni(OH), (b3) and NiO (b4); (c) particle size distribution histogram for VNO.8, and (d) the shows the corresponding SAED pattern.

nanosheets. The high-resolution SEM image (Fig. 2(c)) provided
a detailed visualization of these nanosheet layers, which were
approximately 46 nm thick with a layer-to-layer distance aver-
age of 0.55 pm and arranged in an uneven orientation.
In contrast, the optimal VN0.8 sample displayed a comparable
spherical petal-like microstructure, characterized by a more

912 | Mater. Adv., 2024, 5, 9107-9123

uniform and highly porous morphology (Fig. 2(b)), with a
calculated layer-to-layer distance average of 0.898 pum, which
was greater than that of the pristine VS,. The incorporation of
NiO-Ni(OH), into VS, is expected to lead to an expansion in the
in-between layer spacing, as it reduces the van der Waals forces
between the layers. Larger distances between layers can lead to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1.** This can enhance the

increased porosity within the materia
accessibility of the active sites for reactions and improve the
overall surface area. Energy-dispersive X-ray (EDX) analysis of
the VNO.8 sample (Fig. 2(e)) confirmed the presence of V, S, Ni,
and O elements, uniformly distributed throughout the sample.
The corresponding EDX element maps displayed the element
distribution of V, S, and Ni (Fig. 2(f)), indicating that the VNO0.8
nanosheets are composed of V, S, O, and Ni elements.

Fig. 3(a) displays the presence of nanosheet-like structures
in VNO.8. TEM analysis can reveal the interface between the
NiO-Ni(OH), cocatalyst and the VS, nanosheets. A clearly
defined interface suggests the presence of interaction between
the two materials, as illustrated in Fig. 3(a) and (b). The arrows
in Fig. 3(b) highlight that the NiO-Ni(OH), phases are evenly
dispersed within the VS, interlayers. Also, the interaction
between NiO-Ni(OH), and VS, layers is characterized by the
expansion of interlayer spacing in VS,, akin to the behavior
seen in other metal disulfides.®”®" The enlarged interlayer
spacing (from approximately 0.575 of VS, nm to 0.968 nm of
VNO.8), suggested the tightly attached of this heterostructure by
interactions, including electrostatic forces, with abundant
6263 The other highlighted areas showed a periodic
lattice fringe pattern with an interplanar spacing “d” of 0.25,
0.209, and 0.269 nm, corresponding to the (011) crystal plane
VS,,%* (200) lattice plane of NiO,*> and (100) of Ni(OH),,%°
respectively. The SAED pattern for the as-synthesized NiO-
Ni(OH),/VS, nanocomposite, as shown in Fig. 3(d), suggested
that it possessed a polycrystalline structure. The VN0.8 sam-
ple’s average particle size was calculated by fitting the particle
size distribution histogram to the log-normal distribution

interfaces.

=]

V2p

View Article Online

Paper
function, which is represented as eqn (5)%"%®
In? (2)
10) = (smp ) exp | 2" )

where f is the log-normal expression, D, and ¢ are constant
parameters corresponding to the median and variance of the
size distribution function f(D) respectively, D is the average
particle size, and oD is the standard deviation. A typical log-
normal distribution function fitting to the VNO.8 particle size
distribution histogram is shown in Fig. 3(c). The estimated
average particle size (D) was found to be 17.1 nm along with a
standard deviation (¢D) of 1.307 nm. This finding aligned with
the average particle size obtained from X-ray diffraction (XRD)
characterization, which was measured at 17.57 nm. Notably,
the transmission electron microscopy (TEM) characterization
indicated the nanostructured development of NiO-Ni(OH),-
supported VS, material, characterized by a significantly expanded
interlayer spacing.

Furthermore, X-ray photoelectron spectroscopy (XPS) analy-
sis was conducted to examine the chemical composition and
surface states of the VNO0.8 sample. Fig. 4(e) shows the survey
spectrum of VNO.8, indicating the presence of vanadium,
sulfur, nickel, and oxygen elements with quantitative analysis
closely aligning with the EDX results. Additionally, the
detection of carbon in the survey scan suggested potential
environmental contamination. The high-resolution XPS spectra
of V 2p, S 2p, Ni 2p, and O 1s are displayed in Fig. 4(a)—~(d).
Fig. 4(a) revealed that V 2p peaks are observed at binding energies
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of VS, and VNO.8 samples.
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(B. Es) of 524.7 and 523.4 eV, corresponding to V 2ps/,, and at
517 eV and 516 eV, corresponding to V 2p,,, respectively.®® This
finding suggested that vanadium existed in the +4 oxidation
state in VNO.8. The V 2p;/, and V 2p,,, peaks in the pristine VS,
were detected at 516.4 eV and 524.09 eV, respectively, indicating
a shift of 0.61 eV to higher binding energy in VN0.8.The core
level high-resolution S 2p spectrum was deconvoluted into five
peaks and presented in Fig. 4(c). The peaks located at 162.8 and
163.53 eV corresponded to the S 2p;/, and S 2p,, of $>~ species,
respectively. The peak at B.E. 164.4 eV corresponded to the
presence of elemental sulfur in a low coordination state.'*”°
Additional peaks around B.E. 168.9 eV and 168.29 eV could be
attributed to sulfate ions, suggesting slight oxidization of VNO0.8
in the air.”* The S atoms of VS, had lower electronegativity
(2.58).”* This hindered the formation of hydrogen bonds with
the hydrogen atoms in Ni(OH),. Interestingly, the S 2p peaks in
the VNO0.8 nanocomposite exhibited a slight shift towards
higher binding energy when compared to pure VS,. The Ni 2p
XPS spectrum in Fig. 4(b) exhibited eight distinct deconvoluted
peaks. Major peaks at ca. 874.1 and 856.5 eV corresponded to
Ni 2p,,, and Ni 2p;,, respectively, indicative of Ni(OH), phases
with a spin energy separation of 17.6 eV, suggesting the
presence of Ni** ions. Furthermore, peaks at around 879.2 eV
and 861.1 eV corresponded to Ni 2py/, and Ni 2p;,, satellites,
consistent with previous literature reports.”> The signal at
858.27 eV for Ni 2ps, was attributed to Ni*> in Ni(OH),,”* while
the spin-orbit splitting of nickel, Ni 2p,,,, and Ni 2p;/, revealed
peaks at 876.5 and 882 eV, attributing to Ni*" in the sample.”
The signal at B. E 865.45 eV was associated with the Ni-O
interactions, such as nickel oxides and Ni-OH.”® Interestingly,
the Ni 2p peaks in the VN0.8 nanocomposite exhibited a 0.6 eV
shift towards lower binding energy when compared to pure
NiO-Ni(OH),. As shown in Fig. 4(d), the O1s spectrum was
broken up into three components. The peaks at 532.0 and
530.9 eV corresponded to Ni-O-Ni and Ni-O-H bonds,
respectively,”” while the peak at 530.2 eV could be ascribed to
0°" in octahedral symmetry (bulk O), coinciding with OH™ of
Ni(OH),.”® The shifts in the observed peaks of V, S, and Ni
suggested possible electron transfer from VS, to NiO-Ni(OH),,
indicating a strong coupling effect between VS, and NiO-
Ni(OH),.”® These findings revealed the significant electronic
interactions between NiO-Ni(OH), and VS,, potentially altering
the reactivity of VS, near the interface.

The optoelectronic properties of the VS, and VN0.8 samples
were investigated by UV-vis diffuse reflectance spectra. Fig. 4(f)
presented a broad absorption peak found in the range of 300-
450 nm for both VS, and VNO0.8. The alteration in the absorp-
tion peak resulting from coupling indicated a modification in
the band structure. The absorption wavelength of VNO0.8 exhib-
ited a blue shift (355 nm) in comparison to its bulk counterpart
VS, (360 nm), attributed to quantum confinement effects
arising from the reduction in nanoparticle size.®*®*' The 2D
nature of VS, led to quantum confinement effects that adjust
emission wavelengths and band gaps.®” The blue shift indi-
cated a decrease in particle size and an increase in band gap
energy, which could be elucidated by the Burstein-Moss shift.**

9114 | Mater. Adv,, 2024, 5, 9107-9123
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The optical band gap (E,) was estimated using the fundamental
absorption, which involves electron excitation from the valence
to the conduction band. The band gap values were determined
using eqn (6).

(ahv)? = A(hv — E)" (6)

where «, v, A, and E, are the absorption coefficient, frequency,
absorption coefficient, and band gap, respectively. The band-
gap energy can be determined using the tangent intercept of
(xhv)? vs. of photon energy (hv) (Fig. 4(f) inset). The obtained
values were 2.07 and 2.34 eV for VS, and VNO.8, respectively.
The bandgap value of NiO-Ni(OH), was calculated to be 2.9 eV
(not included in Fig. 4(f)).

Further comparison of FT-IR spectra between supported VS,
samples and pristine VS, was conducted. The spectra con-
firmed the presence of the V** oxidation state (Fig. 5(a)). There
was no considerable change in the lineaments of both V=S and
V-S-V peaks. Which could be assigned to the major number of
V*" centers present in the samples. The peaks centered at
515 and 983 cm™ ', indicated the v (V-S-V) stretching and v
(V==S) in VS,, respectively.**®> In the hybrid composites, the
peak at 515 cm ' showed a slight shift in wavenumber,
indicating changes in the vibrational environment due to the
composite formation. Additionally, the presence of a peak at
approximately 1059 cm ™" in some of the as-prepared samples
could be attributed to carbonate groups resulting from the
interaction of samples with atmospheric CO, during the ana-
lysis process.®®

The porosity of the VN0.8 nanosheets was analyzed using the
BET technique based on N, adsorption-desorption isotherm
as shown in Fig. 5(b) and Table 1. The hysteresis loop observed
for VN0.8 and VS, suggested the presence of mesopores. The
loop resembles a type H3 hysteresis, which is associated with
slit-like pores or aggregates of plate-like particles.®” The specific
surface area of VNO.8 was 61.1 m> g ', which was notably
higher than the 20.82 m* g™, observed for VS,. This suggested
that incorporating NiO-Ni(OH), increased the surface area of
VS,, thereby improving its efficiency in photocatalytic hydrogen
evolution reactions. The inset in Fig. 5(b) illustrates the dis-
tributions of pore sizes.

3.2 Electrocatalytic performance

The electrochemical performance of NiO-Ni(OH), supported
VS, nanosheets, specifically the optimal sample VNO.8, was
evaluated using cyclic voltammetry (CV) analysis. The analysis
was operated in a three-electrode system using a 1 M H,SO, as
an electrolyte (see the Experimental section for more details).
Fig. 6(a) shows the cyclic voltammograms (CVs) for pristine VS,
and VNO.8. The CV analysis yields two critical parameters:
current density and peak-to-peak potential difference (AEpp).
These values serve as indicators of the catalytic activity on the
electrode surface. A higher current density signifies greater
redox catalytic activity at the electrode surface. The peak-to-
peak potential difference in a redox system is inversely related
to the redox reaction rate.*® Fig. 6(a) demonstrated that pristine
VS, displays two broad peaks, suggesting its faradaic redox

© 2024 The Author(s). Published by the Royal Society of Chemistry
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size distributions (inset).

Table1 BET surface areas, pore size distributions, and average pore sizes
of the VS, and VNO.8 catalysts

Sper” v Average pore
Catalysts (m*g™) (em® g™ size (nm)
VS, 20.82 0.0182 3.5
VNO.8 61.1 0.1146 7.5

“ Specific surface area using the BET method. ” Total pore volume
estimated at a relative pressure of 0.98.

capability. The introduction of NiO-Ni(OH), to VS, nanosheets
resulted in peak current density increasing. Calculations of the
peak-to-peak potential difference for the VS, and VNO.8
revealed that the pristine VS, NSs engaged in the redox reaction
with greater intensity compared to the NiO-Ni(OH),-supported
VS,, as evidenced by its lower AEpp at 0.03 V. Table S3 (ESIYt)
displays the peak-to-peak potential differences along with the
reduction and oxidation peak values for pristine VS, and VN0.8
samples. The results indicated that adding NiO-Ni(OH), to VS, NSs
reduced its redox capability, resulting in a higher peak-to-peak
potential difference. However, there seemed to be a rise in catalytic
activity observed in the VNO.8 approach level, surpassing that
observed in the pristine VS, NSs. Introducing a cocatalyst into the
photocatalyst might alter the energy levels and produce new trap
states, improving the separation of photogenerated electron-hole
pairs, also the VNO0.8 electrodes demonstrated high current density
and low onset potential, which indicated that VNO0.8 enhances
electron migration.®® This could be a plausible explanation for the
observed behavior of the improved HER activity of VNO0.8 even with
a small slowdown in the pace of the redox reactions. This enhanced
charge separation could result in greater photocatalytic activity for
hydrogen production.>

Fig. 6(b) shows linear sweep voltammetry (LSV) curves for
VS, and VNO.8. All of the electrodes exhibit anodic currents in

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper
E 125[ >
:U,’OAZO
100 Soss .
Eg’mn l‘“ . =
E 75 3 oos :
D 50| T Tetateim ®
o
o' 25 —a— Desorbed
£ —e— Adsorbed
‘9’ 600 :\0.08
30LE . VS, 7
5 50 |5 o0i] /
7} g 0.03 7
S 40 [5 oo : /,///
> O el sV
30 Pore diameter (nm) - . = P »

y o - o _o~
20.1;;:/’/—‘ —— Desorbed
10| —— Adsorbed

0.0 0.2 0.4 0.6 0.8 1.0

Relative P (P/P,)

(a) FT-IR spectra of the pristine and supported VS, samples, and (b) BET nitrogen adsorption and desorption isotherms of VS, and VNO0.8 and pore

the range of 0.5 to 1 V (against RHE). Notably, the catalytic
activity was most prominently demonstrated by the VNO.8
electrode, which exhibited a low onset potential of 0.81 V against
RHE and a high anodic current density (I3) of 520 mA g~ '. In
contrast, pure VS, had a high onset potential of 0.9V versus RHE
and a relatively low anodic current of 430 mA g~ '. This result
indicated that the introduction of NiO-Ni(OH), can reduce the
onset potential while enhancing the current density of VS,. This,
in turn, led to the dissociation of water and concomitantly
generated more hydrogen intermediates (H,q) on the nearby VS,
to form H,.”°

Furthermore, the kinetics of the hydrogen evolution reaction
(HER) were examined through linear fittings of Tafel plots. A
lower Tafel slope generally indicates faster charge transfer
ability.” Fig. 6(c) illustrated that the kinetics of VNO0.8 were not-
ably efficient, as indicated by its low Tafel slope of 32.2 mV dec™ ",
and demanded less energy for the HER. It showed that the HER
route of VN0.8 obeyed the Volmer-Tafel mechanism. Conversely,
pristine VS, exhibited a high Tafel slope (201 mV dec %), indicat-
ing slower kinetics due to the sluggish Volmer step.

To better explain how charge transfer carriers move across
the surface, we’ve included electrochemical impedance spectro-
scopy (EIS) Nyquist plots in Fig. 6(d), along with a corres-
ponding equivalent circuit. As observed, the introduction of
NiO-Ni(OH), into VS, resulted in a smaller radius arc for the
photocatalyst compared to pure VS,, indicating reduced resis-
tance. The VNO.8 electrode showed relatively low solution
resistance (Rs; = 25.37 Q) and charge-transfer resistance (R.c =
372 Q), indicating easier charge transport between the electro-
Iyte and electrode compared to pure VS, (R. = 28.19 Q and R =
414 Q). Reducing resistance benefited electron transfer and
lowered electron-hole pair recombination.

Therefore, the above findings suggested that VS,, supported
with optimal Ni species (0.8NiO-Ni(OH),), may serve as an

Mater. Adv,, 2024, 5, 9107-9123 | 9115
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corresponding equivalent circuit.

excellent hydrogen photocatalyst. This could be attributed to
the reduced particle size which occurred on the coupling of VS,
with NiO-Ni(OH),. Also, it exhibited expanded interlayer
spacing, which helped to prevent the recombination of elec-
tron-hole pairs. Additionally, the incorporation of NiO-Ni(OH),
into VS, increased the intensity of catalytically active sites. And
improved the electrochemical characteristics of VS,.

3.3 Photocatalytic hydrogen generation

Photocatalytic hydrogen generation experiments were performed
on the as-prepared samples using methanol as a sacrificial
reagent under visible light irradiation. Fig. 7(a) illustrates a
comparison of hydrogen production rates among various com-
positions including pure B-Ni(OH),, NiO-Ni(OH),, NiO, VS,,
Ni(OH),/VS,, NiO/VS, and NiO-Ni(OH),/VS,. The findings indi-
cated that the NiO/Ni(OH), hybrid composites exhibited super-
ior photocatalytic performance compared to those comprising
pure Ni compounds (Ni(OH), and NiO). This improvement
in the NiO-Ni(OH), hybrid was attributed to the enhanced
electron transfer facilitated by the good electrical conductivity
of NiO, along with the synergistic effects and additional active
sites provided by Ni(OH),. This combination resulted in
improved catalytic performance during faradaic reactions.”
Pristine VS,, as well as various NiO-Ni(OH),-supported VS,
nanocomposites (VN0.2, VN0.4, VN0.6, VNO0.8, and VN1) were
individually tested for their photocatalytic hydrogen production
capacity, and the experimental results are displayed in Fig. 7(b).

9116 | Mater. Adv, 2024, 5, 9107-9123

It was observed that pristine VS, NSs exhibited relatively low
photocatalytic H, production efficiency compared to supported
VS, samples. It could be a result of the rapid photogenerated
electrons and hole recombination. As seen, the NiO-Ni(OH),
composition significantly affects the photocatalytic H, genera-
tion efficiency of VS,. The trend noticed for the photocatalytic
hydrogen production was VS,< VN0.2 < VN1 < VNO0.4 <
VNO0.6 < VNO.8. The VNO0.8 sample was identified as an ideal
composition, showcasing a hydrogen production rate of
41642.2 pmol ¢g~' h™" and an associated AQE of 38.46%. This
rate surpassed that of pure VS, by approximately fourfold
(10634.44 pmol ¢ ' h™'; 9.3% AQE). Due to the incorporation
of NiO-Ni(OH), into VS, NSs, surface active sites increased and
photogenerated holes (+h) and electrons (é) recombined less
during photocatalytic HER. Particularly, when the NiO-Ni(OH),
load was 1 mol%, the VN1 sample exhibited a significant
decline in its Hy-production activity. This phenomenon could
be attributed to the accumulation of an excessive amount of
NiO-Ni(OH), clusters, reducing VS, active sites, avoiding inter-
action with sacrificial reagents or water molecules, and redu-
cing light absorption.>® Table 2 provides a comparison of the
photocatalytic hydrogen production efficiencies of various pre-
viously reported photocatalysts, highlighting that VS, is being
utilized as a photocatalyst in hydrogen production for the first
time. This comparison elucidated the superiority of the photo-
catalytic HER performance and the low cost of the optimal
VNO.8, compared with the reported ones.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A comparison of the photocatalytic hydrogen production efficiency for some previously reported photocatalysts under visible light irradiation

source

Catalyst Solution

amount volume Yield of H, gas
Photocatalyst name (mg) (mL) Hole scavenger Light source (pmol g h™h Ref.
NiO-Ni(OH),/VS, 20 50 Methanol 200 W tungsten lamp 41624 Recent

study

Cu(OH),/TiO, 5 50 Glycerol 250 W xenon lamp 27592 92
Sulfur vacancies-VS,@C;N, 20 50 Methanol 300 W xenon lamp 11840 19
CdS/vS, 30 100 Mix of Na,S and Na,SO; 300 W xenon lamp 799.8 93
NiO/TiO, 50 80 Methanol 300 W Xenon lamp 377 55
VS,/g-C3Ny 50 85 Triethanolamine 300 W Xenon lamp 1748 94
Phosphorus supported CN-TiO, 40 100 Methanol 1000 W Xenon lamp 2531 95
Bi,0,C0;/g-C3N,@PAN 50 100 Methanol 300 W Xenon lamp 5396 96
a-Fe,05/CdS/g-C3N, 100 50 Mix of Na,S and Na,SO; 1000 W Xenon lamp 165 48
NiO@La(OH);/g-C3N, 20 100 Triethanolamine 300 W Xenon lamp 602.3 97
o-NiS/CdS 30 70 Lactic acid 300 W Xenon lamp 5501.9 98

In addition, to assess the recyclability of the photocatalyst,
repeat recycling stability experiments were conducted on the
optimized VNO.8 catalyst. As illustrated in Fig. 7(d), The photo-
catalytic activity of the VNO0.8 nanocomposite remained rela-
tively consistent during the first two days of experimentation.
However, starting from the third day and continuing through
the fourth and fifth days, a gradual and slight decrease in
activity was observed, which could be attributed to the deple-
tion of methanol, the sacrificial agent, in the solution.
To address this, an additional 5 mL of fresh methanol was
added prior to the sixth cycle. This replenishment restored the
hydrogen production rate as equivalent to that of the first two
days, demonstrating that the temporary decline in performance

© 2024 The Author(s). Published by the Royal Society of Chemistry

was due to the reduction of available methanol, rather than
the degradation of the photocatalyst itself. Additionally, XRD
patterns and SEM images of the VNO.8 catalyst before and
after recycling experiments were nearly identical (as shown in
Fig. 8(a) and (b)), further confirming the immutability and
stability of the VNO0.8 catalyst. Although TEM and XPS analyses
were conducted after the recycling experiments, as shown in
(Fig. S4 and S5, ESIt). For TEM features, the overall structure of
the material remained mostly intact. However, slight agglom-
eration or clustering was observed, likely due to repeated
cycling, as indicated in (Fig S4, ESIt). Despite this minor
structural change, the preservation of the material’s integrity
suggests that the photocatalyst maintained good stability

Mater. Adv., 2024, 5, 9107-9123 | 9117
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throughout the recycling process. Following the recycling pro-
cess, XPS analysis showed shifts in the binding energies of V, Ni
and O (Fig. S5, ESIT). Specifically, Ni exhibited a reduction in its
binding energy, indicating electron gain, while V displayed an
increase, suggesting electron loss. During the photocatalytic
process, the Ni atoms in NiO-Ni(OH), can be reduced, leading
to the formation of Ni clusters. This is confirmed by the
appearance of two additional peaks in the Ni 2p spectra at
binding energies of 853.3 eV and 869.88 eV,”® following the
hydrogen production reaction. The oxygen atoms will experi-
ence less electron withdrawal, decreasing their binding energy.
These changes provide insight into the electron transfer occur-
ring between the components of the heterostructure, demon-
strating their interaction during the photocatalytic process.
The optimization of scavenger and photocatalyst concentra-
tions was conducted using the optimized VNO.8 catalyst for
hydrogen production, as depicted in Fig. 8(c). The same photo-
catalysis conditions were maintained for the optimization,
except for the parameter being studied. Methanol concen-
tration was altered from 0 to 15% (vol%). It was observed that
in the absence of methanol (0% methanol solution), the
amount of hydrogen produced was significantly negligi-
ble compared to solutions containing methanol. Notably, a
methanol concentration of 10% provided the highest capacity
for hydrogen evolution, yielding a production rate of
41642.2 umol g~' h™". This finding confirmed the substantial
role of methanol as a sacrificial agent. Methanol functioned
by consuming holes from the valence band (VB) of the
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photocatalyst, thereby minimizing the recombination of photo-
generated carriers and enhancing hydrogen evolution perfor-
mance. However, it was also observed that there was a slight
decrease in hydrogen evolution capacity as methanol concen-
tration exceeded 10%. This increase in methanol concentration
led to the formation of more intermediate products such as
methane and CO,. These intermediates could further consume
photogenerated excitons, consequently reducing the average
rate of hydrogen production.'®®'® As shown in Fig. 8(c), the
average rate of H, production significantly increased when the
catalyst load was increased from 0 to 0.4 g L', reaching a value
of 41642.2 ymol g ' h™ . This can be attributed to the presence
of more active sites on the photocatalyst surface with the higher
dosage, leading to enhanced efficiency in the photogeneration
of holes and electrons.'® It was conversely, increasing the
catalyst loading upon 0.4 g L™" resulted in higher solution
opacity, which reduced the penetration of photon flux into the
reactor and consequently lowered the photocatalytic degrada-
tion rate. Additionally, at high solid concentrations, particle-
particle interactions cause agglomeration, leading to a loss
in surface area.'® Therefore, the optimal concentration was
determined to be 0.4 g L™,

3.4 DFT calculations

The interactions between the NiO-Ni(OH), and the VS, surface
play a crucial role in determining the photocatalytic efficiency
and stability of the heterostructures.'® To evaluate these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Geometrically optimized (0 1 1) slab structure of (a) VS,, (b) NiO—
Ni(OH), and (c) NiO-Ni(OH),/VS,; and (d) electron density difference of
the NiO—-Ni(OH),/VS, heterostructure.

interactions within the NiO-Ni(OH),/VS, heterostructure, the
interface adhesion energy was computed using eqn (7):

(7)

where Exio-ni(on),vs,» Evs, and Exio-ni(on),, are the total ener-
gies of optimized NiO-Ni(OH),/VS, heterostructure, the VS,
and the NiO-Ni(OH), surface, respectively and symbol A repre-
sents the area of the supercell for the NiO-Ni(OH),/VS, hetero-
structure, measured in a plane perpendicular to the vacuum
direction. The calculated adhesion energy for the NiO-Ni(OH),/
VS, heterostructure (Fig. 9(c)) was —1.14 eV A2 This negative
adhesion energy indicates a stable interface, signifying electro-
static interactions, with an equilibrium distance of 2.35 A
between the VS, layer and the NiO-Ni(OH), layer."**'%

Eaa = (Exio-nion)vs, — Bvs, — Enio-ni(om),)/A

View Article Online
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The electron density difference plot for the NiO-Ni(OH),/
VS, heterostructure, shown in Fig. 9(d), clearly reveals the
nature of charge transfer at the interface. The green regions
indicate areas of electron depletion, primarily observed near
the VS, layer, while the blue regions represent electron accu-
mulation, concentrated near the NiO-Ni(OH), structure. This
suggests that the VS, acts as an electron donor, transferring
electrons to the NiO-Ni(OH),, which behaves as an electron
acceptor. The distinct separation between the charge accumu-
lation and depletion zones highlights the interaction between
the two materials, corresponding to electrostatic forces. These
theoretical findings are consistent with the XPS data, which
show that VS, donates electrons, while NiO-Ni(OH), accepts
them in the heterostructure, validating the electron transfer
mechanism observed in both experimental and computational
studies.

3.5 Proposed photocatalytic mechanism

According to the computational results and XPS data, we can
propose a catalytic mechanism that reveals the role of each
component in the NiO-Ni(OH),/VS, heterostructure. The sche-
matic elucidation is shown in Fig. 10. The valence band (VB)
and conduction band (CB) positions of NiO-Ni(OH), and VS,
semiconductors were estimated from the empirical formulas
(eqn (8) and (9)):'°%*%7

Evg =7 — E° + 0.5E,

(8)
)

where y is the Sanderson electronegativity, E° is the energy of
free electrons on the hydrogen scale (~4.5 eV), E, is the band
gap energy, and Ecg and Eyp are the energies of the conduction

Ecp = Evg — Eg

band and valence band, respectively. The values of y for the
semiconductors were estimated as the geometric mean of the
constituent atoms’ electronegativities. The band gap energies
were estimated based on results obtained from UV-Vis diffuse
reflectance spectra (Fig. 4(f)), and the calculated VB and CB
energies are presented in Table 3.

%Light illumination
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Fig. 10 Plausible photocatalytic HER mechanism on NiO-Ni(OH),/VS, nanocomposite.
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Table 3 Estimated band gap energies (CBs, and VBs) of NiO-Ni(OH), and
VS, semiconductors

Semiconductor Eq (eV) Ecg (eV) Eyg (eV)
VS, 2.07 —0.335 1.735
NiO-Ni(OH), 2.9 —0.23 2.67

Under light illumination, electrons from the valence band
(VB) of VS, are excited to the conduction band (CB), generating
positive holes in the VB. However, in the absence of NiO-
Ni(OH),, the hydrogen evolution rate is low due to the rapid
recombination of charge carriers, which led to only a fraction of
excitons participating in the photocatalytic reaction, resulting
in low efficiency and a significant overpotential for H, produc-
tion. The addition of NiO-Ni(OH), allows CB electrons from VS,
to transfer to the CB of NiO-Ni(OH),, facilitating spatial separa-
tion of the hole-electron pairs. This occurs because the CB
potential of NiO-Ni(OH), (—0.23 eV vs. NHE) is more favorable
than that of VS, (about —0.335 eV vs. NHE). Photogenerated
electrons transferred in this process can efficiently reduce some
Ni*" ions to Ni® atoms, leading to the formation of Ni clusters,
as confirmed by the XPS results (Fig. S5b, ESI{). These metal Ni
clusters served as effective cocatalysts, enhancing hydrogen
production and lowering the overpotential for hydrogen gen-
eration. As a result, the deposited NiO-Ni(OH), not only
inhibited the recombination of photogenerated electron-hole
pairs in VS, and promoted hydrogen formation, but also
prevents the reverse reaction of H, and O, by separating the
evolution sites of hydrogen and oxygen. % The positive holes in
the VB of VS, can oxidize CH;OH into H' ions, which are then
reduced by the photogenerated electrons at the NiO-Ni(OH),
surface to yield H, gas. Metallic Ni particles generated in situ
can transfer electrons to H' ions to reduce them to H,,
effectively regenerating the NiO-Ni(OH), cocatalyst.** Further-
more, the presence of both NiO-Ni(OH), provided active sites
for the hydrogen evolution reaction (HER), with NiO acting as a
charge transfer mediator and Ni(OH), as a hydroxyl group
donor,” accelerating the HER process and reflected in the
enhanced current densities observed in our electrochemical
studies.

4. Conclusions

In conclusion, we have introduced a facile and efficient
method for fabricating a superior photocatalyst with remark-
able durability for hydrogen generation via photocatalysis.
A novel NiO-Ni(OH),/VS, nanocomposite was synthesized
utilizing a hydrothermal synthesis approach. The as-prepared
NiO-Ni(OH),/VS, nanocomposites were comprehensively
verified using various techniques including XRD, SEM, TEM,
EDX, XPS, BET and FT-IR. The photocatalytic performance of
the synthesized materials was extensively investigated for
the hydrogen evolution reaction (HER) utilizing methanol
as a scavenger. Our experimental findings highlighted the
exceptional photocatalytic efficiency of the NiO-Ni(OH),/VS,

9120 | Mater. Adv, 2024, 5, 9107-9123
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(VNO0.8 sample), which exhibited a hydrogen evolution rate
of 41642.2 umol g~* h™" under visible light irradiation, sur-
passing that of pure VS,. Furthermore, the VNO0.8 sample
demonstrated outstanding stability under prolonged light
exposure. The enhanced photocatalytic activity of VNO0.8 can
be primarily attributed to the incorporation of the NiO-
Ni(OH), cocatalyst. This cocatalyst provides suitable potential
sites to facilitate the transfer of photo-generated electrons
and offers an increased number of active sites for enhan-
cing the photocatalytic reduction reaction. Electrochemical
measurements, including LSV, Tafel plots, and EIS Nyquist
plots, demonstrated that the incorporation of NiO-Ni(OH),
nanoparticles significantly improved charge separation
and electron transfer efficiency. This study serves as a repre-
sentative example illustrating the pivotal role of the NiO-
Ni(OH), co-catalyst in the development of highly efficient
photocatalysts.
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